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Abstract 
In this research, strontium (Sr) and surface modification were used to improve the 
biocompatibility of titanium (Ti) based implant materials. Novel Ti-SrO metal matrix 
composites (Ti-SrO MMCs) were fabricated via powder metallurgy to acquire 
enhanced mechanical and biomedical properties. Surface modification was 
undertaken by anodising a layer of TiO2 nanotubes (TNTs) on Ti substrates. SrTiO3-
TiO2 heterostructured nanotubes (Sr/TNTs) on Ti were synthesised using the 
hydrothermal method. The synthesising mechanisms of TNTs and Sr/TNTs were 
investigated. The beneficial biological influence of Sr and the optimal concentration 
on the Ti based implant materials was researched. 
The results indicated that Ti-SrO MMCs were mainly composed of α-Ti phase. The 
compressive strength and hardness of Ti-SrO MMCs were enhanced with the 
increase of SrO contents, while the ultimate strain was decreased. The finer grain 
size and the dispersion of SrO particles led to the increase of compressive strength of 
Ti-SrO MMCs. 
The in vitro assessment, using osteoblast like cells, demonstrated that Ti-SrO MMCs 
exhibited an enhanced biocompatibility. The alkaline phosphatase (ALP) activity 
reached a peak at day 10, and stayed at the same level from day 14 to day 28. Cells 
displayed a healthy morphology on the Ti-SrO MMCs, and abundant filopodia were 
observed under confocal and scanning electron microscopy (SEM) observation. 
Considering both the mechanical properties and the biocompatibility, 3 wt% SrO was 
the optimal addition to Ti-SrO MMCs.  
TNTs were prepared using anodisation. The main phase of TNTs transformed from 
amorphous to anatase after annealing at 500°C for 3 h. The average diameter of 
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TNTs increased linearly with the increase in the anodisation voltage from 5 V to 40 
V. The length of TNTs increased with the extension of anodisation time. The TNTs 
layer exhibited better biocompatibility than the pure Ti samples. 
Further surface modification was carried out by synthesising a layer of Sr/TNTs 
layer on the Ti surface. The cubic SrTiO3 nanoparticles were synthesised and 
deposited on the walls of TiO2 nanotubes. The layer of Sr/TNTs exhibited high 
hydrophilicity. Cell culture results indicated that TNTs stimulated the proliferation 
and adhesion of osteoblast like cells on Ti. The TiO2 nanotubes layer with different 
concentrations of Sr were fabricated on Ti by controlling the hydrothermal reaction 
time. The Ti with Sr/TNTs at low content of Sr exhibited enhanced biocompatibility 
compared with bare Ti and TNTs. The adverse effect of high concentration of Sr was 
confirmed, and this was the main reason for the decreased biocompatibility of 
Sr/TNTs samples with high content of Sr. Elongated morphologies and longer 
cytoskeletons of cells were observed on Ti samples with nanotubular structures. 
Novel Ti-SrO MMCs were fabricated successfully by powder metallurgy and 
showed higher compressive strength and hardness than pure Ti. Ti-SrO MMCs also 
exhibited excellent in vitro biocompatibilities. The synthesis of a layer of SrTiO3-
TiO2 heterostructured nanotubes layer on Ti substrates is a promising surface 
modification method for improving the biocompatibility of the Ti based implant 
materials.  
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CHAPTER ONE          
1 Introduction 
1.1 The Aims of the Research 
Biomaterials are defined as ‘any substance (other than a drug) or combination of 
substances, synthetic or natural in origin, which can be used for any period of time, 
as a whole or as a part of a system which treats, augments, or replaces any tissue, 
organ, or function of the body’ [1]. Biomaterials are natural or artificial materials that 
are used directly or indirectly for various medical purposes, such as bone implants 
[2-4], soft tissues [5, 6] and drug delivery [7]. Biomaterials have been one of the 
active fields in the past few decades as the problems of the aging process have 
increased in many countries [8]. Metals, polymers and ceramics are developed and 
attempted to be used for biomedical purpose according to their basic mechanical 
properties. 
Osteoarthritis (OA) is also known as degenerative joint disease. OA is one of the 
main causes for disability in elderly persons [9]. There are large demands for the 
replacement of diseased joints and bones by artificial implants [10, 11]. New-type 
biomaterials are urgently needed because of high wear rate of those traditional 
bioceramics in an in vivo environment [10]. 
Titanium (Ti) and titanium alloys are used for biomedical applications due to their 
biocompatibility and mechanical properties [8, 12]. However, the elastic moduli of 
Ti and Ti alloys are higher than that of the natural bone, which possibly results in 
bone resorption and implant loosening [13]. New types of Ti alloys, such as Ti-Mo 
[14], Ti-Nb-Zr-Ta [15], Ti-Ta-Sn [16] have been developed to improve the 
2 
mechanical properties of implants. The oxide dispersion strengthening (ODS) effect 
is used to improve mechanical properties of metallic materials [17-19]. Dispersion 
strengthening is widely used to obtain enhanced strength at elevated temperatures 
due to stable dispersoid dislocation interactions [20]. Numerous research to improve 
mechanical properties of Ti alloys using oxide particles has been conducted [18, 21-
24]. Rare earth oxides had been applied as strengthening phase in Ti MMCs, but the 
potential biological influences of rare earth oxides were unclear and this made them 
unsuitable for further applications such as implants. In order to keep the excellent 
biocompatibility of Ti-based metallic materials, oxide particulates with excellent 
biocompatibility were considered. Ti metal matrix composites (MMCs) with ZrO2 
and SiO2 particles demonstrated enhanced biocompatibility and mechanical 
properties compared with pure Ti [25]. 
Biomedical implants are in direct contact with tissues in practical operations. The 
biological responses of osteoblast cells to implant materials are dependent on the 
topography and physico-chemistry of the implant surface and this determines the cell 
behaviour, such as shaping, adhesion and proliferation and finally the cell fate. Many 
surface treatment methods, such as the sol-gel method [26], alkali and heat treatment 
[27], physical vapour deposition (PVD) [28], chemical vapour deposition (CVD) [29] 
have been used to modify the implant surfaces to promote adhesion and cell spread. 
Ti-based implants with nanoscale topographies [30], especially titania (TiO2) 
nanotubes (TNTs) [31, 32], have received increasing attention in the area of 
biomedical applications. It has been reported that TNTs depressed adverse reactions 
by reducing the adhesion of macrophages on the surface of the implants [33]. Other 
studies have shown that the topography of TNTs significantly influenced the 
adhesion and proliferation of osteoblast cells [34-36]. 
3 
It is known that strontium (Sr) is a beneficial element to promote the growth of new 
bones [37]. Sr has been researched widely as an element for potential biomedical 
applications [38, 39]. The substitution of Ca by Sr in hydroxyapatite (HA) has been 
studied [40, 41] as the radii of Ca2+ (114 pm) and Sr2+ (132 pm) are similar. It has 
been reported that the optimum dose of Sr in HA stimulated the formation of new 
bones [37, 42]. TiO2 nanotubes loaded with Sr also showed improved 
biocompatibility and enhanced precipitation ability of hydroxyapatite in simulated 
body fluid (SBF) [43]. However, biomaterials with higher dose of Sr were observed 
to suppress the adsorption of calcium of cells [44]. The proper content of Sr should 
be studied further, according to the specific delivery system. 
There are fewer reports concerning the effect of SrO on the structure, mechanical and 
biological properties of Ti MMCs for biomedical applications. The optimum content 
of SrO in Ti-SrO MMCs is not well understood yet. The influence of Sr in TNTs to 
the biocompatibility of Ti samples is also not clear. 
In this study, strontia (SrO) particles were chosen not only as the strengthening phase 
but also to improve the biocompatibility for novel Ti-SrO MMCs. Ti-SrO MMCs 
were fabricated using powder metallurgy. The mechanical properties, 
microstructures of Ti MMCs, surface characteristic and in vitro biocompatibility 
were systematically investigated. Surface modification was achieved by fabricating a 
TiO2 nanotubes layer on Ti samples to improve bioactivity. TNTs were decorated 
using hydrothermal method to deliver Sr with different contents (SrTiO3-TiO2 
heterostructured nanotubes, Sr/TNTs). The microstructure, surface characteristics 
and in vitro biocompatibilities of TNTs and Sr/TNTs were researched. The 
influences of Sr concentration to the cell proliferation and biocompatibility were 
investigated and discussed. 
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The primary aim of this research was to develop novel Ti-SrO composites with 
advanced biocompatibility and good mechanical properties. The second aim is to 
decorate TNTs with Sr to improve their biomedical performance. Two main 
objectives were achieved: 
(a) To develop Ti-SrO composites as it is believed that SrO can be the 
strengthening phase to improve the mechanical properties, and Sr can improve the 
biocompatibility through stimulating the adhesion and proliferation of osteoblast 
cells. The effect of Sr elements on the mechanical and biological properties of Ti-SrO 
composites will be investigated systematically. 
(b) To improve the bioactivity and biocompatibility of Ti using an anodisation 
method. The surface of the Ti samples will be treated by a novel anodisation method 
to form a TNTs layer. Then, the TNTs layer will be decorated with Sr, aiming to 
enhance the biomedical performance of TNTs.  
These questions will be investigated in this study. A new Ti biomaterial with Sr 
possessing an improved bioactivity and biocompatibility would be fabricated and 
investigated. A novel surface modification method to synthesise TNTs decorated 
with Sr on the surface of Ti will be developed, aiming to enhance the bioactivity and 
biocompatibility. The knowledge and techniques developed in the present study 
would further improve knowledge in the metallic biomaterials science. 
1.2 Scope and Outline of the Study 
The hypothesis is given as follows. Firstly, SrO particles would have positive effect 
on the mechanical properties and bioactivities of Ti MMCs, and there is an optimal 
content for SrO added into Ti. Secondly, Ti samples can be modified by Sr/TNTs 
layer to improve the biocompatibility for biomedical applications. The morphology 
of TNTs could be adjusted to achieve the enhanced biological property.  
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This thesis includes eight chapters as follows: 
Chapter One: Introduction introduces the meaning and targets of this research. 
Chapter Two: Literature Review summarizes the current literature on fabrication 
methods of Ti MMCs and TiO2 nanotubes. The biomedical performances of Ti 
MMCs and TiO2 nanotubes are also discussed. The influences of Sr for the 
biomedical applications are presented in detail in this chapter. 
Chapter Three: Methodology and Characterisation outlines the methodology to 
fabricate Ti-SrO MMCs, TiO2 nanotubes and SrTiO3-TiO2 heterostructured 
nanotubes. The test methods and instruments are also listed in detail.  
Chapter Four: Preparation and Characterisation of Ti-SrO Metal Matrix 
Composites exhibits the morphologies and mechanical properties of Ti-SrO MMCs. 
The strengthening mechanism of SrO particles to Ti-SrO MMCs is discussed. 
Chapter Five: In vitro Biocompatibilities of Ti-SrO Metal Matrix Composites 
discusses the influence of content of Sr to the proliferation and morphologies of 
SaOS2 cells. The optimal content of SrO in Ti-SrO MMCs is determined based on 
the biocompatibility and mechanical properties. 
Chapter Six: Fabrication and Decoration of TiO2 Nanotubes Layer on Ti researches 
the influence of anodisation parameters to the morphologies of TiO2 nanotubes. The 
morphologies and structures of SrTiO3-TiO2 heterostructured nanotubes are also 
presented. 
Chapter Seven: Response of Osteoblast-like Cells to the Original TiO2 Nanotubes 
and SrTiO3-TiO2 Heterostructured Nanotubes discusses the influence of 
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morphologies of TNTs to the biocompatibility. The effect of Sr content in SrTiO3-
TiO2 heterostructured nanotubes to the SaOS2 cells is also investigated. 
Chapter Eight: Conclusions and Future Works concludes the results of the present 
work and discusses directions for future research. 
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CHAPTER TWO          
2 Literature Review 
This chapter summarises the recent development of fabrication and application of Ti, 
Ti alloys and Ti based composites used as biomedical implants. The biological effect 
of strontium is also reviewed with special emphasis. Finally, surface modification of 
Ti alloys by anodisation is discussed in detail.  
2.1 Materials for Biomedical Application 
Stainless steel and Ti alloys are the most commonly used metals as biomaterials [45, 
46]. Other metallic alloys, such as, nickel-chromium (Ni-Cr) alloy [47, 48], 
zirconium-niobium (Zr-Nb) [49] have also attracted great attention for potential 
biomedical applications. Tantalum (Ta) was a suitable candidate for biomedical 
purposes because of its excellent electrochemical property and biocompatibility [50]. 
Magnesium (Mg) is biodegradable in body fluid, but the defect of Mg alloys was 
their high corrosion rate [51, 52]. Iron (Fe) based alloys have been applied as 
biodegradable materials as well [53]. Metallic glasses were investigated because of 
their low elastic modulus and high strength [8, 54]. A limitation for stainless steels 
and CoCrMo alloys was the potential cytotoxicity by the release of toxic elements 
through wear and corrosion [55-57]. Biodegradable metallic biomaterials were 
constricted by the difficulty to control the biodegradation rate [58]. 
Outstanding mechanical properties and excellent biocompatibility are the two most 
important standards to evaluate a biomedical material. Ti alloys are a good choice 
through a comprehensive consideration, as discussed in the following. 
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2.1.1 Titanium, Ti alloys and Ti based composites 
Ti, Ti alloys and Ti based composites are widely applied in the biomedical fields 
because of their outstanding biocompatibility and excellent anti-corrosion ability [59]. 
The world’s total consumption of titanium alloys for biomedical applications 
increased by 6.5% from 1.5 kilotons in 2003 to 1.7 kilotons in 2005 [60]. 
Titanium has a hexagonal close packed crystal (hcp) structure, that is α structure, 
below 882.5 °C, and transfers to a body centred cubic structure (bcc) β structure 
above this temperature. Titanium alloys have better mechanical properties than 
stainless steel and CoCrMo alloy (as compared in Table 2. 1) [12]. α-phase 
commercially pure (c.p.) Ti and α+β phase Ti-6Al-4V, Ti-6Al-7Nb alloys were the 
most widely employed Ti based implant materials [8] among Ti and Ti alloys. 
C.p. Ti has long been applied as biomedical devices. The yield strength of c.p. Ti 
grade 2 needs to be enhanced for a better biological application. As shown in Table 2. 
1, the yield strength and ultimate tensile strength of c.p. Ti grade 4 has been 
enhanced dramatically compared with c.p. Ti grade 2. Another method was reported 
to enhance the strength of the c.p. Ti grade 2 by equal channel angular pressing 
(ECAP) [62, 63]. In Valiev’s work [63], the ultimate tensile strength of coarse-
grained c.p. Ti gained a 140% increase after ECAP. The following in vitro cell 
experiments also demonstrated an enhanced osteoblast response to the ECAP Ti 
substrate [62, 64]. However, the defect of ultra-fine grained c.p. Ti was the 
deterioration of frictional behaviour [13]. It was clear that the elastic modulus of c.p. 
Ti and α + β phase Ti alloys was higher than the  elastic modulus of bone, which 
possibly led to bone resorption and implant loosening [12]. 
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Table 2. 1 Mechanical properties of some biomedical alloys [12, 61]. 
(E = elastic modulus, YS = yield strength, UTS= ultimate tensile strength) 




10-40 ___ 90-140 
Stainless Steel 316L Austenite (fcc) 200 170-750 465-950 
c.p. Ti grade 2 α 102.7 275 345 
c.p. Ti grade 4 α 104.1 485 550 
Ti-6Al-4V ELI (extra 
low interstitial) 
α + β 101-110 860-965 860-965 
Ti-6Al-7Nb α + β 114 880-950 900-1050 
Ti-13Nb-13Zr β 79-84 863-908 973-1037 
Ti-15Mo-5Zr-2Fe β 74-85 1000-1060 1060-1100 




200-230 275-1585 600-1795 
The biocompatibility and mechanical properties of titanium alloys were improved by 
alloying with other elements [65, 66]. Ti-6Al-4V ELI was developed to improve 
ductility and fracture toughness by controlling interstitial elements (iron and oxygen). 
In Ti-6Al-4V alloy, vanadium elements operated as a β-phase stabilizer by reducing 
the transformation temperature of β phase to α phase [67]. It was also necessary to 
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address the potential toxicity of aluminium and vanadium elements after long-term 
use [68]. Other crystalline phases were observed in metastable β type Ti alloys, for 
example, α phase, β' phase, ω phase and intermetallic [69]. The microstructure of β 
type Ti alloys was correlated with the alloy composition and heat treatment 
conditions.  
β phase Ti alloys exhibited lower elastic modulus than α c.p. Ti and α + β phase Ti 
alloys. Novel β-phase titanium alloys with low modulus of elasticity and high 
strength should be developed by using non-toxic elements such as Nb, Ta, Zr, Mo, 
and Sn [70]. Nb was one of the most widely used β-phase stabilizer elements [65, 71]. 
In addition, Nb demonstrated ‘ideal passivity and are not prone to chemical 
breakdown of the passive layer, exhibiting minimum passive dissolution rates’ [12]. 
Ti-Ta alloys illustrated non-cytotoxicity, outstanding anti-corrosive property and 
biocompatibility than c.p. Ti and Ti-6Al-4V [72]. Ti-Mo alloys had excellent 
electrochemical stability [73], and attracted two-fold new bone cells compared with 
Ti-6Al-4V in rabbits [74]. 
Shape memory alloy (SMA) attracted increasing attention since the shape memory 
effect of NiTi alloy was found by Buehler et al. [75]. NiTi SMA presented unique 
physical property by various martensitic transformations [76], including the shape 
memory effect and super elasticity. There were many reports of the mechanical 
property and shape memory effect of NiTi SMA [2, 77]. 
In vitro and in vivo research demonstrated that Ti alloys were suitable for biomedical 
applications. Human bone marrow stromal cells showed good adhesion and 
proliferation on the surface of Ti alloys [78]. The performance of Ti mesh cage in 
rabbit was investigated, and it was found that woven bone grown around the cage by 
four weeks and transformed to lamellar bone by eight weeks [79]. Novel Ti scaffolds 
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could be produced with advanced fabrication method that not only closely mimicked 
the structure of surrounding bones but also had outstanding in vivo bioactivity [80, 
81].  
As natural bone has a porous structure, many advanced fabrication methods have 
been developed to mimic its structure. Porous metals, especially foams, had lower 
density compared with compact samples. Furthermore, cells and tissues fixed and 
interacted together through open pores [71, 82, 83]. In addition, the stiffness was 
reduced by introducing pores with suitable size and structure into biomaterials [84]. 
Powder metallurgy (P/M) offers a low-cost and net-shaped method to fabricate 
porous Ti alloys. The degree of porosity and pore size could be adjusted by the 
space-holder materials [85], like urea, and NH3HCO3. . 
Many new types of Ti alloys, such as, Ti–Ta [72], Ti–Ir [86], Ti–10Si–5B [87], 
alongside many well-developed Ti alloys, have been widely researched owing to 
their outstanding biocompatibility and anti-corrosive ability. Ti alloys demonstrate a 
promising prospect for biomedical applications with suitable fabrication and surface 
modification processes. 
2.1.2 Fabrication process and strengthening mechanism of Ti metal 
matrix composites with nanoparticles 
Continuous fibres or separate disperoids are two popular methods to strengthen the 
mechanical properties of metal matrix based composites [88-93]. There are two 
drawbacks that constrain the application of fibres in Ti MMCs: one is that the 
addition of continuous fibres increases the cost significantly [88]; and the other is the 
dramatic differences of coefficients of thermal expansion and elastic moduli between 
the Ti matrix and fibre [89]. Dispersion-strengthened titanium based materials are 
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developed to enhance the hardness and the strength of Titanium implants by adding 
silicides: Ti5Si3 [90], carbides: TiC [91, 92], SiC [93], hydroxyapatite [94] and 
oxides: La2O3 [95], Y2O3 [18, 23, 96-98], Nd2O3 [99], Er2O3 [100, 101], TiO2 [102] 
ZrO2 [103], SiO2 [104] etc. The addition of a small amount oxide to the Ti matrix has 
attracted attention because of the high stiffness and high melting point of oxide.  
The stability of oxide particles in the Ti matrix is controlled by the fabrication 
process and the metallic element of oxide. Lofvander et al. [100] suggested that the 
composition of oxygen and the annealing temperature [96] determined the stability of 
oxide particles. Long-time annealing process (>10 h) above α/β transition 
temperature induced rapid coarsening of Er2O3 particles in Ti matrix. The coarsening 
process is described by the Lifshitz-Slyozov-Wagner equation [105]: 
ܽଷ െ ܽ଴ଷ ൌ ܭ ൈ ͲǤʹͷܥா ൈܦா      (2.1) 
where a and a0 are the final and initial diameter of oxide particles; K is a constant of 
the temperature and interfacial energy; and CE and DE are the excess concentration 
and diffusivity of oxide composition element in the matrix. The diffusivity of oxide 
composition element was increased when samples were annealed above the α/β 
transus temperature [100].  
Previous studies demonstrated that the oxide dispersion strengthening (ODS) in Ti 
based MMCs was achieved through multi mechanisms cooperatively. Firstly, the 
strengthening effect of grain size could be described using Hall-Patch relationship 
[106], which is written as: 
ߪு௉ ൌ ߪ଴ ൅ ݇ ξܦΤ        (2.2) 
where ߪு௉ is the Hall-Petch stress and ߪ଴ is the lattice friction stress; k is the Hall-
Patch slope and D is the grain size. The Hall-Petch equation has been established on 
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empirical evidence. The k for α-Titanium is 0.671×106 Nm-3/2 [107]. The relatively 
high slope suggested that grain size played an important role in the yield stress of the 
Ti materials. The grains of Ti MMCs were refined remarkably due to the existence of 
oxide particles. In Tomohiro’s research, using TiO2 nanoparticles as the 
strengthening particles, the ultimate tensile strength (UTS) of Ti-0.8 wt% TiO2 
MMCs was increased to 863 MPa compared with 434 MPa of pure Ti, which was 
mainly attributed to the grain refinement effect of TiO2 nanoparticles from 11.6 μm 
to 8.9 μm [108]. 
Secondly, the dispersed oxide particles in the Ti matrix work as obstacles to prevent 
the movement of grains. The increase of strength due to the dispersion of oxide 





ଶ௕ሻ     (2.3) 
where ߪைோ  is the enhanced stress; m is the Taylor factor, which depends on the 
number of the slip systems; μ is the shear modulus; b is the burgers vector; λ is the 
interparticle spacing; and ϕ is the particle size. Finely dispersed oxide particles are 
obstacles for the movement of dislocations and grain boundaries. 
Oxide particles in Ti-oxide MMCs were found to aggregate in the boundaries of α 
phase, especially in the lath of α/β phase [96, 100, 103]. In addition, there were more 
dislocations around the oxide particles as the inhibition of grain movement in the 
fabrication process [97]. Y2O3 dispersoids were observed to inhibit the grain 
coarsening as pins to grain boundaries [96]. Furthermore, Y2O3 particles undertook 
much more applied stress in the tensile test [97].  
Another strengthening factor was vacancy hardening. Without fully annealing, the 
thermal vacancies were believed to be the reason for anomalous strengthening in 
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many kinds of intermetallics and composites [110, 111]. Roy et al. suggested that 
porosities with round-edges could increase the higher toughness in the sintering 
process [112]. In addition, the texture was assumed to play some role in enhancing Ti 
MMCs' strength properties [101, 113]. The intensity of the Ti and TiB texture 
increased in the process of rolling because of the rotation of the strengthening phase 
[113]. 
2.1.3 Powder metallurgy for fabrication of Ti metal matrix 
composites 
Powder metallurgy [25, 90, 93] and vacuum arc remelting [96] (VAR) are two 
methods generally used to fabricate the particulate-reinforced Ti based MMCs. The 
P/M method is used widely to prepare metastable phase, intermetallics, amorphous 
alloys and metal based composites [114]. The general powder metallurgy process is 
shown in Fig. 2.1. 
 
Fig. 2.1 Schematic illustration of fabrication of Ti MMCs through powder metallurgy. 
Mechanical milling and the mechanical alloying process play an important role to 
disperse strengthening particles evenly with Ti powders [115]. The powder size 
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decreases significantly after mechanical milling. The plastic deformations of 
powders are realized by cold welding and powder fraction, which occurs 
simultaneously in the mechanical milling [114]. The fine powders after mechanical 
milling are pressed to briquettes using the hydraulic press. The green briquettes are 
sintered in vacuum or under special atmosphere [116]. The sintering process can be 
completed by heat treatment [25], spark plasma [117] and microwave [112].  
The titanium carbide and titanium boride [118] particles are generally synthesised in 
situ in the sintering process [90, 119]. The oxide and carbide [93] particles are added 
as the starting materials. Rare earth oxides are synthesised in situ during the sintering 
[119], and the rare earth elements play a role to scavenge oxygen in the Ti matrix [96] 
as well.  
Ti + B   TiB     (2. 4) 
5Ti + B4C  4TiB + TiC    (2. 5) 
3Ti + B4C  2TiB2 + TiC    (2. 6) 
2.1.4 Biomedical application of Ti metal matrix composites 
The strengthening elements were chosen from those that had excellent 
biocompatibility in previous research into Ti MMCs for biomedical applications, 
such as ZrO2, TiO2 and hydroxyapatite particles. Ti-ZrO2 and Ti-SiO2 MMCs [25, 
104] enhanced mechanical properties significantly, and they also demonstrated good 
biocompatibility. Silica is a biocompatible oxide that has good bonding with bones. 
The ultimate strain of Ti - 2 wt% SiO2 and pure Ti were 1900 MPa and 1200 MPa, 
respectively. Ti-SiO2 MMCs demonstrated excellent in vitro biocompatibility, as 
proved by the MTS assay result and visualised in confocal microimages. The cell 
viability was increased and a favourable interface was supplied for cell-composite 
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attachment on the surface of Ti MMC with tricalcium phosphate rather than pure Ti 
[120].  
Ti MMCs with porous structure had been applied as biomedical implants [104]. Ti-
10 wt% SiO2 MMC with 48% porosity exhibited a lower elastic modulus than pure 
Ti and bulk Ti-10 wt% SiO2 MMC. In addition, human osteoblast cells demonstrated 
a healthy morphology and enhanced attachment on the surface of Ti-10 wt% SiO2 
MMC scaffolds.  
2.1.5 Biomedical applications of strontium 
It is well known that strontium can promote the proliferation of osteoblast cells and 
decrease the resorption of osteoclasts [37, 39, 121, 122]. Strontium is in group IIa of 
the periodic table of elements, as well as calcium. In the serum or plasma of body, 
the protein interconnecting Sr is in the same order of magnitude as that of Ca [123], 
although the atom of Sr is bigger than Ca. The strontium element exists in the 
skeleton in the following forms [124]: a substitution for calcium in skeleton tissues; 
as constituents of organic or inorganic compounds and as constituents of separate 
mineral phases.  
Strontium promotes osteoblast maturation, osteocyte differentiation and osteocyte-
like phenotypes. It also plays a special role in the formation of new bones by 
stimulating osteoblast gene expression and ALP activity [125], while eliciting an 
osteoprotegerin response [37]. An enhanced expression of osteocalcin and increased 
mineralized nodules were observed as a result of an anabolic effect of strontium in 
rat calvarial osteoblasts [126]. 
Strontium ranelate was investigated extensively in the past [37, 123, 126-129]. 
Recently, the inorganic Sr that exists in biomaterials for bone implantation has 
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gained much attention. The Sr element was used to fabricate new alloys and ceramics 
for biological purposes. Mg alloys with Sr have attracted a great deal of attention 
[130, 131]. The hardness and elastic modulus increased 40% and 100% respectively 
with 2 wt% Ca substituted by Sr in Mg-5Al-3Ca ternary alloy [131]. The Sr mainly 
existed as Mg17Sr2 in grain boundaries in Mg alloys with poor anti corrosion 
properties [132].  
Bioceramics with Sr exhibited enhanced biocompatibility and mechanical properties 
[133-135]. It was reported that the cohesion and tensile strength of brushite cements 
were improved by doping strontium [136]. In addition, enhanced elastic modulus and 
hardness were observed in the Sr-doped HA biocements under weight-bearing 
conditions [133], which was important to form a dense peri-implant bone. 
The strontium was also applied in the surface modification process [38, 137, 138]. 
The similar atomic structure between Sr and Ca allowed strontium to substitute for 
calcium in biomedical coatings [136, 139, 140]. Sr-hydroxyapatite (Sr-HA) coating 
was deposited on the surface of Ti-6Al-4V and its in vitro biocompatibility was 
investigated [138, 141]. Sr was successfully doped into the surface of TiO2 
nanotubes by soaking in Sr(OH)2 solution [142]. A SrO-SiO2-TiO2 coating was 
deposited on the surface of NiTi alloy with a sol-gel method to enhance anti-
corrosion property and biocompatibility [143]. TiO2 nanotubes were also used as the 
delivery tool for Sr due to its large specific surface area [43].  
Much research has been conducted previously to investigate the response and 
mechanism of the strontium element in an in vivo environment. Park et al. [125] 
found that the strontium element in Ti-6Al-4V alloy improved the osseointegration 
by promoting differentiation of osteoblastic cells. The maximal push-out force and 
osseointegration were enhanced significantly when Sr replaced 10 at% Ca in HA 
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coating in an investigation in ovariectomized rats [144]. Enhanced in vivo 
performance and no strength loss were observed in β-tricalcium phosphate (β-TCP) 
after doping Sr [145]. Mg alloys with Sr exhibited excellent osteogenic properties 
and stimulated the formation of new bone in rabbits [130].  
There is general consensus that Sr is a beneficial element for bone growth and 
formation but there are also many disputes about the optimal content of Sr with 
different loading systems [145]. Low dose strontium stimulated the proliferation of 
preosteoblast cells and maintained new bone formation. High dose strontium induced 
the formation of defective bone tissues and changed mineral profile [146]. 
A previous in vitro biocompatibility test suggested that 15 at% of Sr in HA 
stimulated the proliferation and attachment of MC3T3-E1 osteoblast cells [40]. TiO2 
nanotubes loaded with a low dose of strontium displayed improved biocompatibility 
and enhanced the precipitation of hydroxyapatite in SBF [43]. However, the 
proliferation and ALP activity of osteoblast cells were inhibited when Sr content was 
more than 10 at% in Sr-containing calcium silicate [121]. The HA coatings with a 
higher dose of Sr (>38.9 at%), fabricated by micro arc treatment was observed to 
suppress the cells' adsorption ability of calcium [40]. There was a lack of consensus 
with regards to the optimum content of Sr. This could be due to the different delivery 
systems and fabrication methods used by the various studies. Qiu et al [122] 
indicated that 1 at% was the optimal concentration in the calcium polyphosphate 
scaffolds. The optimal concentration of Sr was 10 at% in the HA coating synthesised 
using a hydrothermal method [43]. In another study on HA [147], the most effective 
concentration of Sr was asserted to be 5 at%. Thus far, the optimal concentration of 
Sr in Ti MMCs for biomedical applications has not been determined. 
19 
Mg alloys with Sr demonstrated good biocompatibility [148]. The optimal 
concentration of Sr was mainly evaluated by the degradation rate [148-150]. Mg-
0.5Sr alloy demonstrated a better anti-corrosion ability than Mg-0.3Sr and Mg-2.5Sr 
[149] alloys. Gu et al [151] found that 2 at% was the optimal concentration of Sr in 
Mg-Sr binary alloy. The optimal content of Sr was 0.5 at% [148] in the Mg-Ca-Sr 
ternary alloy. It was reported that the proper content of Sr was 2 at% [130] in Mg-Zr-
Sr ternary alloys. 
Fu and Chen’s [147] research demonstrated that HA with high dose (> 10 at%) Sr 
demonstrated cytotoxicity to L929 cells (a fibroblastic cell line), and HA with low 
dose Sr (1 and 5 at%) demonstrated good biocompatibility. MG-63 cells (human 
osteoblast-like cells) demonstrated enhanced proliferation and ALP activities on Sr-
HA with 10 at% Sr than samples with 40 at% Sr [121,152]. Calcium polyphosphate 
with 1 at% Sr exhibited better biocompatibility than samples with 0.5, 5, and 10 at% 
Sr [122]. The optimal contents of strontium in borosilicate glass and calcium silicate 
were asserted to be 6 at% and 10 at% [121].  
In a brief summary, strontium is a beneficial element to the growth of bones through 
the stimulation of osteoblast cells and the inhibition of osteoclast cells. The optimal 
concentration of Sr is dependent on the delivery system for Sr. Ti alloys are the most 
widely used biomedical metals, and Ti alloys and composites containing Sr elements 
are expected to be a promising metallic biomaterial with enhanced biomedical 
performance. 
2.2 Surface Modification of Ti Alloys by Anodisation 
Direct contact is established between biomedical implants and tissue directly in the 
body. The morphologies and microstructures of the surface of implants have a 
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significant effect in the adhesion and proliferation of cells and long-term 
performance of implants. It was reported that approximately 12.8% of 152,000 hip 
replacements were replacements of the previous deactivated implants [13]. 
One of the most difficult problems with the application of Ti-based alloys as 
biomedical implants lies in the fact that the mismatch of elastic modulus between Ti-
based metals (90–110 GPa) and bones (0.3–30 GPa) [153]. Surface modification is 
needed to support the attachment and proliferation of new cells on the implants. The 
modulus of elasticity between bone and titanium alloys illustrates a significant 
difference (as shown in Fig. 2.2) [154]. The left image indicates that there was a 
sudden change in the interface between implant and bones. The right image 
illustrates that a porous surface coating was deposited on the surface of implants, and 
the modification layer bridged the difference between implants and bones.  
 
Fig. 2.2 Change in modulus of elasticity at the bone-implant interface with a smooth 
and porous implant surface, respectively [153]. 
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The final objective of biomedical materials for tissue engineering is to acquire 
biocompatible scaffolds with outstanding mechanical properties to support the 
regeneration and adhesion of bones. A suitable surface modification should satisfy 
three conditions: (1) excellent biocompatibility; (2) excellent mechanical properties, 
outstanding anti-wear and anti-corrosion abilities; and (3) long-term chemical 
stability [155]. Many surface engineering methods have been used to modify Ti 
alloys for biomedical applications. 
With the development of science and technology, not only have many traditional 
modification means become widely used, but nanotechnology methods have shown 
broad application prospects. The biocompatibility of materials was enhanced by 
nano-functionalizing [156]. In this literature review, traditional and nano-
functionalized surface modification methods for biomedical application are reviewed 
and discussed.  
2.2.1 Traditional surface modification methods 
The sol-gel method is applied to deposit thin ceramic films on biomedical Ti alloys. 
The sol-gel process is divided into five stages [157]: (1) hydrolysis and 
polycondensation; (2) gelation; (3) aging; (4) drying; (5) sintering. Using the sol-gel 
process, many different oxide coatings were deposited on the surface of titanium 
alloys, such as TiO2 [158], SiO2 [159], Nb2O5 [160], Al2O3 [161], and HA coatings 
[162]. Jokinen et al. [159] asserted that all titania coatings exhibited excellent 
biocompatibility due to the enhanced precipitation calcium ability. MC3T3-E1 cells 
were used to facilitate good interactions between the cells and Nb2O5 sol-gel coatings 
on c.p. titanium substrates [163]. 
Micro arc oxidation (MAO) is also named plasma electrolytic oxidation (PEO). 
Sparks and micro arc discharges are observed when a high voltage (in the range from 
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150 V to 1000 V) is applied on the samples in electrolyte. The MAO process 
incorporates chemical reactions, plasma electrolysis and electronic discharge [164]. 
This ensures the adhesion of the porous modification layer to the substrate [165]. 
Previous research has shown that biomimetic coating of apatite deposited on the 
surface of Ti alloys by MAO [166] could enhance biocompatibility of implants. Both 
in vivo and in vitro cell culture experiments demonstrated that MAO coatings were 
beneficial to cells adhesion and proliferation than polished and sand-blast surface 
[167].   
Alkali and heat treatment changed the morphologies of Ti alloys and enhanced the 
biomedical performance of Ti alloys [168, 169]. The surface modified by alkali-heat 
treatment had a higher surface energy than that modified by high-temperature 
oxidation or H2O2 treatment [27]. After the alkali and heat treatment, the samples 
were soaked in SBF as a subsequent processing to enhance biocompatibility [30, 
170]. It was reported that bioactivity of the porous Ti-18Nb-4Sn alloy was enhanced 
by alkali-heat treatment [171]. The adhesion of apatite layer to Ti substrate was also 
improved by this method [172]. The alkali-heat treatment process has been 
successfully applied in biomedical Nb [173], Ti-Mo [174] and Ti-Nb [30] alloys. 
Many other surface modification ways have been applied, such as plasma spray 
coatings [175], surface mechanical attrition treatment (SMAT) [176], physical 
vapour deposition [177, 178], chemical vapour deposition [29, 179], and nanoimprint 
lithography [180]. 
However, there is a need for novel surface modification methods because of the 
limitations of traditional ways. The process of the sol-gel method is complex and it is 
difficult to maintain the whole coating with consistency. In addition, the adhesion to 
the substrate was inadequate for long-term applications. The coatings deposited by 
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PVD are too compact; and this method is also constricted due to its complex process 
[158]. Anodisation, that is anodic oxidation, provides a high-efficient, low-cost 
surface modification method to solve these problems.  
2.2.2 Anodisation of TiO2 nanotubes 
Since the discovery of carbon nanotubes in 1991 [181], one dimensional (1D) 
nanoscale structures has attracted scientists’ attentions. In 1999, Zwilling and co-
workers [182] reported the synthesis of an anodic columnar porous film (nanotubular 
structure) on titanium. In their work, the thickness of nanotube layer was about 500 
nm. TiO2 nanotubes have been one of the most investigated compounds over the last 
ten years (with more than 10,000 publications). Owing to the wide band gap of TiO2 
(about 3.0 eV), TiO2 has been applied in solar energy conversion [183] and water-
splitting [184]. It is also well known that TiO2 is a non-toxic, biocompatible and 
corrosion resistant material, so TiO2 nanotubes also have wide biomedical 
applications. 
There are two main methods to fabricate TiO2 nanotubes, chemical processing [185] 
and anodic oxidation [186]. In the first method, anatase or rutile phase TiO2 powders 
are treated with high resolution NaOH at 110 °C for 20 h. However, only separated 
TiO2 nanotubes are acquired in this way. The second method is based on Zwilling’s 
work [182]. TiO2 nanotubes fabricated by anodisation was established by Macak et al. 
[186-188], which was the most important improvement to fabricate highly organised 
TNTs. Firstly, the factors affecting the morphologies and structures of TNTs were 
investigated systemically by Macak and his co-workers [189-191]. It was assumed 
and proved that the pH of the electrolyte [186, 187] was one of the most crucial 
factors to acquire long TiO2 nanotubes successfully. Secondly, Macak et al. [188] 
found that the content of water had an important influence on the topographies of 
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TNTs, and smooth TiO2 nanotube walls were acquired in non-aqueous electrolyte. 
Thirdly, this self-organizing anodisation approach can be applied to other valve 
metals, such as Zr [31, 192], W [193] and Nb [194]. 
Anodisation of TNTs is achieved by the application of a potential in electrolyte 
containing fluoride ions. The chemical reactions that occur in anodisation are as 
follows [195]: 
Ti   Ti4+ + 4e-    (2. 7) 
Ti + 2H2O  TiO2 + 4H+ + 4e-   (2. 8) 
TiO2 + 6F- + 4H+  [TiF6]2- + 2H2O  (2. 9) 
The chemical reactions can be divided into two groups: equations 2.7 and 2.8 
describe the oxidation of Ti; equation 2.9 describes the chmical dissolution of titania.  
The growth of TNTs can be classified in three stages [196, 197] according to the 
current curve during the anodisation process (as shown in Fig. 2.3). The schematic 
diagram is shown as Fig. 2.4. In the first step, a compact TiO2 layer formed on the 
surface of the Ti alloys according to the equation (2.8). The current had a sharp 
decrease in the current-time curve corresponding to this stage because of the 
lowering of the conductivity. When the current reached the minimum, the TiO2 layer 
acquired the maximum thickness. In the second stage, the nanopores were etched in 
the surface of TiO2 layer, according to the equation (2.9). The current was increased 
in the chemical thinning process of TiO2 layer. In the third step, a steady equilibrium 
was established in the TiO2 layer between oxidation at the bottom and dissolution at 
the top. The current was kept almost constant in the third stage. The topographies 
was changed slightly because the transformation from nanopores to nanotubes 




Fig. 2.3 Typical current-time curve in the process of anodisation. 
 
Fig. 2.4 Schematic drawing for the growth of TNTs at different stages. 
In the anodisation process, a series of parameters, such as applied voltage [198, 199], 
water content [188], the pH value of electrolyte [200] and the anodisation time [201], 
affected the topography of TiO2 nanotubes. A two-step anodisation method was 
successfully used to synthesise multi-layer nanotubes by adjusting the applied 
voltage or the anodisation electrolytes [202-204]. TNTs with a highly ordered 
nanoporous layer were fabricated using a multi-step anodisation process [205-207].  
The presence of F- ions plays a vital role [208] in the formation of soluble [TiF6]2- 
ions. The concentration of F- ions is one of the factors in the control of the growth 











concentration of F- ions is too high [209]. A fluoride-rich layer was observed at the 
bottom metal-oxide interface [210] to confirm the role of F- ions. 
The dissolution speed of TiO2 is controlled by the water concentration in the 
electrolyte. The water is required to maintain the continuance of oxidation, and it is 
also needed to maintain the etching of TiO2. However, if the water concentration in 
the electrolyte is too high, this leads to the disappearance of TNTs because the speed 
of dissolution exceeds the oxidation. Chemical dissolution decreases in glycerol or 
ethylene glycol based electrolyte due to the low water concentration. Furthermore, 
high water concentration plays an influence on the morphology of TNTs [188, 211].  
The flow mechanism can affect the growth of TNTs. A significant phenomenon in 
anodisation of TNTs is that the length of TNTs is much longer than expected (longer 
than the thickness of as-received Ti substrate) [196, 212]. The Pilling-Bedworth ratio 
(PBR) is defined as the ratio of the volume of the oxide produced to the volume of 
the metal consumed [213]. The PBR value for amorphous TiO2 is 2.43 [214]. Houser 
and Hebert [215] explained the metal-oxide interface motion as the ionic migration 
in the oxide crystals combined with the interface diffusion of metal atoms driven by 
stress (as shown in Fig. 2.5). Viscous flow hypothesis is used as a source of reference 
to describe the growth mechanism of TNTs. 
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Fig. 2.5 Comparison of actual and simulated trace profile during growth of anodic 
alumina layer [215]. 
As discussed above, β-phase and α+β phase titanium alloys are widely used as 
biomaterials. The anodisation of β-phase titanium alloys has been investigated 
recently [216-219]. Two-size-scale self-organized nanotubes (as shown in Fig. 2.6) 
were observed when Ti-28Zr-8Nb was anodised [220]. This effect was also reported 
in other binary [198, 221, 222] and ternary [223] Ti alloys. The mechanism for the 
growth of two-size-scale nanotubes remains unclear and a reasonable hypothesis is 
that the alloy composition and geometry stabilization are attributed to this effect [224, 
225]. 
 
Fig. 2.6 Bottom images of anodised Ti-28Zr-8Nb TNTs with two-size-scale diameter 
[220]. 
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2.2.3 Modification of TiO2 nanotubes 
Modification of TiO2 nanotubes is necessary in order to acquire enhanced 
performance for both biomedical application and photo-electrochemistry. Heat 
treatment and decoration of nanotubes with other elements are two methods in 
common use, TNTs have been modified with metals, noble metals, non-metallic 
elements, oxide materials, inorganic compounds, proteins and enzymes [226-230]. 
Nielsch et al. [231] created a new method to dope metal ions into nanopores and 
nanotubes by pulsed electrodeposition. Macak et al. [232] used Nielsch’s work as a 
reference to dope Cu into TNTs. With a similar principal as Nielsch’s experiment, 
the barrier layer was thinned and the pulsed electrodeposition layer was fabricated. In 
the process of electrodeposition, about 1% of the Ti4+ ions were reduced to Ti3+ [233]. 
Macak et al. [234] modified TNTs with perovskite structure by doping lead to TNTs 
(as shown in Fig. 2.7). The wetting ability of TNTs transformed from super 
hydrophobic to moderately hydrophilic after decoration with iron, and interfacial 
electron transfer kinetics was improved at the same time [235]. The photo 





Fig. 2.7 Pb filling in TNTs after annealing [234]. 
Metal oxides are doped into TNTs by electrodeposition oxidation or hydrothermal 
process to enhance the functional properties. The redox capacitance of TNTs was 
enhanced from 26 mF·cm-2 to 85 mF·cm-2 after NiO doping [237]. TNTs doped with 
Fe3O4 nanoparticles were magnetically guided for site-selective photocatalysis [229]. 
The photocatalytic property of TNTs was improved greatly through a hydrothermal 
reaction in Sr(OH)2 solution [238]. TNTs grafted with ZnO nanoparticles showed 
enhanced photocatalytic activity compared with conventional TNTs [239]. TNTs 
illustrated a multistage electrochromic property after decorating with WO3 
nanoparticles [240]. TNTs loaded with CeO2 nanoparticles enhanced the charge 
storage capacity from 27.5 mC/cm2 to 44.6 mC/cm2 [241]. 
Noble metals are always applied to decorate TNTs to enhance its performances [242]. 
Silver is the most commonly used noble metal, due to its photocatalytic and anti-
bacterial properties [243-246]. There were many methods to dope Ag into TNTs, 
such as, atomic layer deposition (ALD) [244] and silver mirror reaction [243]. TiO2 
nanotubes were decorated with Ag nanoparticles [226] to enhance surface-enhanced 
Raman spectroscopy (SERS) activity. TNTs with Ag nanoparticles demonstrated 
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anti-bacteria property by killing all the planktonic bacteria and preventing bacterial 
adhesion [247].  
The alloying elements in Ti alloys were transformed to oxide to modify TNTs 
through the process of anodisation. TiO2-WO3 nanotube arrays were fabricated with 
this method to enhance electrochromic properties [216]. Photoelectrochemical 
activity of TNTs increased six-fold through anodisation with Ti-Ru alloys [228]. 
Non-metal elements, such as carbon [227, 248] and nitrogen [249], are doped into 
TNTs by thermal treatment at low cost. Carbon was doped into TNTs when the 
TNTs were annealed in an atmosphere of N2 and acetylene, because acetylene would 
decompose when heated at 500°C. After carbon doping, an enhanced photoresponse 
in the range of visible light up to near-IR region was observed [227]. Carbon was 
sputtered on the surface of TNTs, and the biocompatibility of TNTs with and without 
carbon film was investigated [248]. The content of oxygen was important to the 
performance of TNTs for solar cells. The content of oxygen affected the status of Ti, 
while electron mobility in TNTs limited the efficiency of dye-sensitized solar cells 
[250]. 
Not only are inorganic materials used to decorate TiO2 nanotubes, polymers, proteins 
and enzyme molecules are also in common use [230, 251, 252]. 20 amino acid 
peptide sequence of bone morphogenetic protein-2 (BMP-2) was doped into TNTs to 
stimulate the adhesion of osteoblast cells to TNTs [230]. Schmidt-Stein et al. [251] 
found that the Zn-porphyrin molecules could be released by X-ray induced 
monolayer chain scission. The wetting properties of TNTs were adjusted from super 
hydrophobic to super hydrophilic by depositing octadecylsilane (C18H37SiH3) or 
octadecylphosphonic acid (C18H37PO(OH)2) [253]. 
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In summary, there are many methods to modify TNTs according to different 
purposes. Variable elements are doped into the walls of TNTs by heat treating in 
different atmospheres. Electrodeposition is an effective method to deposit coatings 
on the surface of TNTs to modify their topography. Many properties of TNTs, for 
example, photocatalysis, anti-bacteria, biocompatibility and wetting ability have been 
enhanced significantly. 
2.2.4 Biomedical application of TiO2 nanotubes 
TNTs have been applied in many fields, such as solar cells [254-256], water splitting 
[228, 257], biomedical coatings [258, 259] etc. In this literature review, the 
application of TNTs in biomedical fields is highlighted. A TNTs layer can be used to 
improve the biocompatibility of implants [260] and drug delivery systems [252]. 
The contact between cells and TNTs is influenced by the topography and zeta 
potential of TNTs. Both the cells and TNTs surface are negatively charged, the 
attachment of cells on TNTs is determined by the positively charged proteins, ions, 
fibronectin and vitronectin [261]. The osteoblast cells contact with the surfaces of 
implants through electrostatic forces firstly [262], and then the focal contact was 
achieved through an integrin assemble [263]. TNTs with a small diameter (15 nm) 
could supply more sharp edges for cells to touch and spread than flat Ti samples. 
Thus, cell bending to implants is enhanced on the surface of TNTs.  
Much research has been conducted to investigate the effect of TiO2 nanotubes’ 
topography on the proliferation of cells, especially the diameter of nanotubes [34, 35, 
258, 259, 264, 265]. Park et al. [259] asserted that large diameter (>50 nm) of 
nanotubes resulted in high numbers of cells death. According to his experiments, the 
suitable diameter of nanotubes for the proliferation of rat mesenchymal stem cells 
was 15 nm. Another study revealed that urothelial cells had a better performance on 
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TNTs with a diameter of 20 nm than TNTs with a diameter of 80 nm and a flat bare 
surface [266]. It was reported that the growth of mesenchymal stem cell was better in 
nanotubes with a diameter of 100 nm, compared with 50 nm [267].  
Chondrocyte extracellular matrix production was improved significantly 
improvement on the nanotube surface, compared with flat surface without 
modification [268]. A similar result was reported by Oh, S et al. [34] with human 
mesenchymal stem cells had a better proliferation on nanotubes with larger diameter. 
The diameters of nanotubes also affected the anti-bacterial efficiency. Other studies 
demonstrated that TiO2 nanotubes with diameter of 80 nm had optimal anti-bacterial 
efficiency [269]. Bauer et al. [265] investigated the influence of the diameter of 
nanotubes on the wetting ability, and rat mesenchymal stem cells were employed to 
assess the biocompatibility. Recently, von Wilmowsky [270] evaluated the in vivo 
influence of the diameter of nanotubes and showed that nanotubes with a diameter of 
70 nm was preferable. 
Many factors could have influenced this conflicting phenomenon. It is reasonable to 
make a comparison between Park et al.’s [259] and Oh et al.’s [34] works. Firstly, 
different cell types were chosen in their research, that is, rat mesenchymal stem cells 
and human mesenchymal stem cells. Secondly, the structures of TiO2 were different. 
In Park's research, the structure of TiO2 was amorphous without annealing, whereas 
in Oh’s work it was anatase. These contrary findings with different cell lines and 
nanotubes’ status demonstrate the importance of choosing an appropriate topography 
of TNTs for different biomedical applications. There were many similar results to 
support the above hypothesis [33, 269, 271]. One of the persuasive explanations [259] 
was that integrin clustering in the cell membrane resulted in the difference of 
adhesion to nanotubes with different topography, and this in turn led to the cells’ 
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preferential adhesion to the nanotube layer. The similar phenomenon also occurred in 
ZrO2 [31] nanotube layers. 
In vivo experiments also confirmed that TNTs had outstanding biocompatibility [272, 
273]. The biocompatibility of Ti alloys after anodisation in hydrofluoric acid was 
investigated by Xiao et al. [273]. Both the maximal pull-out force and bone-implant 
contact (BIC) were improved, and titanium implants gained better osseointegration 
performance in OVX sheep than the control group. Wilmowsky et al. [272] assessed 
the biocompatibility of TNTs in the body of pigs. BIC and immunohistochemistry 
analysis demonstrated that TiO2 nanotubes with diameter of 30 nm enhanced 
osteoblast functions compared with c.p. titanium samples. Similar results were 
reported by Bjursten et al. [274] and Wang et al. [275]. These in vivo experiments 
demonstrated that TNTs enhanced cellular functions and protein expressions [270].  
TNTs depressed adverse reactions but stimulated the proliferation of osteoblast cells. 
Macrophages reduced adhesion on TiO2 nanotube layers with selected surface 
features [33]. Silver nanoparticles were deposited on the surface of TiO2 nanotube 
walls to further enhance antimicrobial activities of Ti implants [276]. 
Hydroxyapatite is one kind of biomimetic coating for biomedical applications in 
common use. After anodisation, the surface of TNTs was more suitable to form a HA 
layer than the flat TiO2 surface [277-281]. The formation abilities of apatite on 
titania nanotubes in amorphous and anatase were investigated [282]. Thermally 
stabilized TiO2 enhanced apatite formation compared to bare Ti. Furthermore, bovine 
serum albumin demonstrated an enhanced performance on TNTs. The ability to form 
HA on the surface of TiO2 nanotubes was further improved by alkaline treatment at 
50 °C [283]. Kunze et al. [284] investigated the influence of TiO2 nanotubes with 
different crystal structure (anatase and rutile) to the formation ability of HA in SBF 
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solution. There were more nuclei were observed on the implants with nanotubular 
surface than on bare flat compact TiO2 [284]. Kunze’s result was supported by the 
fact that nano-crystal HA not only covered the tube tops, but also grew into the tube 
[285]. 
The unique morphology of TiO2 nanotubes is not only suitable for bone implants but 
also compatible for drug delivery and release [229, 251, 252, 286]. By optimizing the 
topography of TiO2 nanotubes, many kinds of drugs and nanoparticles are loaded by 
nanotubes.  
By enhancing nanoparticles, doping drugs or coating with suitable linked molecules, 
such TNTs promoted regeneration of bones [229, 287]. TNTs were coated with 
magnetic Fe3O4 nanoparticles [229] and then were magnetically guided to desired 
locations in vivo environment. Some more advanced means to control the release of 
drug were developed, such as by triggering electrically [287] and X-ray [251]. By 
depositing biocompatible polymer coatings on the surface of TNTs, drug elution was 
controlled and osteoblast adhesion was enhanced [288]. The wetting ability of TNTs 
was adjusted from 108° to 167° by depositing an octadecylphosphonic acid layer. It 
was found that the proliferation of MSCs cells was inhibited in a super hydrophobic 
surface [252]. TiO2 nanotubes with different dimensions were used to deliever 
albumin, as well as sirolimus and paclitaxel. Elution kinetics was most profoundly 
affected by tube height’ [289]. 
Topography has an important relationship with release kinetics. Song et al. [252, 290] 
created another advanced method to adjust the process of drug loading and release. 
An amphiphilic layer was coated on the mouth of nanotubes, and the only way to 
open this layer was through a photocatalytic reaction. The drugs were released after 
removing the cap layer. MC3T3-E1 cells were also cultured on the surface of TNTs 
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after loading with different quantities of gentamicin, and the functionality of cells 
was investigated [291]. The results showed that differentiation of osteoblast cells was 
enhanced, and Staphylococcus epidermis adhesion was decreased compared with 
TNTs without payload. The electron transfer efficiency was enhanced after doping 
hemoglobin (Hb) into TNTs, which was important for the application of TNTs as 
bio-sensors [292].  
β-phase titanium alloys and foams are also widely applied for biomedical purposes. 
Some articles discussed the influence of TNTs on the biocompatibility of β-phase 
titanium alloys after anodisation [293, 294]. TNTs were fabricated on the wall of 
pores in a porous Ti scaffold through an anodisation process [295]. The nanotube 
layer not only improved the compressive strength of the scaffold, but also enhanced 
the biocompatibility [293]. Kim et al. [296] deposited HA/TiN coatings on anodised 
β-phase Ti–29Nb–5Zr alloy for biomedical application, and a very strong (100) peak 
for the β phase was observed in XRD diffraction resulted from the swaging treatment.  
Mîndroiu et al. [293] anodised Ti6Al7Nb in two kinds of electrolytes. One kind of 
electrolyte (electrolyte I) was an inorganic solution (NH4)2SO4 added with 0.5 wt% 
NH4F, and the other (electrolyte II) was glycerol added with 4 wt% H2O and 0.36 wt% 
NH4F. Samples anodised in electrolyte II demonstrated enhanced hydrophobic 
characteristic compared with those in electrolyte I. The biocompatibility of the two 
groups showed no significant change compared with the control group by culturing 
G292 osteoblasts cells. Saji [294] modified Ti-35Nb-5Ta-7Zr by anodisation in 
hydrofluoric acid to enhance the biocompatibility. 
Though many works have demonstrated that TiO2 nanotube layers improved 
biocompatibility and could be applied for drug delivery, the influence of TNTs’ 
topography to the cells proliferation is still ambiguous. It is necessary to notice the 
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side effect of this nano-layer as well. Zhao et al. [297] found that the nanotube layer 
suppressed primary osteoblast functions, and this phenomenon had no relationship 
with the diameter of the nanotubes (TNTs with diameter of 25 nm and 80 nm were 
investigated). It suggests that the focal contact formation of cells was inhibited on the 
anodised surfaces [297]. In another study on TNTs with Ag nanoparticles, TNTs 
illustrated some cytotoxicity. Saji [219] reported that the anti-corrosion property of 
Ti-13Nb-13Zr deteriorated after anodisation to form a nanotube layer surface. 
The biocompatibility of Ti is enhanced through surface modification. Many 
traditional and novel methods are employed to modify Ti and Ti alloys for 
biomedical applications. Fabrication of TNTs by anodisation is a new and low-price 
method to fabricate one dimension nano-materials on the surface of Ti and other 
metals. Highly ordered and large-area TNTs were self-synthesised by anodisation. 
There are many factors that affect the biomedical performance of TNTs. Appropriate 
anodisation parameters could optimize the morphology and structure of TNTs. The 
properties of TNTs are further enhanced by doping metal ions and other materials 
into the tubes. Furthermore, the one dimension nanotube structure is also suitable for 
drug delivery by doping in nanoparticles or medicine. 
2.3. Summary 
Due to their excellent biocompatibility, outstanding anti-wear property and low 
density, compared with stainless steels, Ti and Ti alloys are suitable for biomedical 
applications not only for dental purposes but can also be applied as bone implants. Ti 
based shape memory alloys with β-phase are suitable for biomaterials as they have a 
lower elastic modulus than α Ti alloys. Ti metal matrix composites strengthened with 
oxide particles exhibit potential as biomedical implants. Sr element stimulates bone 
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formation by enhancing the replication of preosteoblast cells and suppressing bone 
resorption.  
By surface modification, the biocompatibility can be improved with the modified 
interfaces between the biomaterials and tissues. The morphology of the Ti alloys is 
adjusted for a better biological performance. Anodisation is an advanced method to 
modify Ti's and Ti alloys' surface. The Ti alloys can load drugs and useful molecules 
via nanotubes after anodisation. The morphologies and structures of TNTs are 
adjusted for different purposes with proper anodisation parameters.  
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CHAPTER THREE          
3 Methodology and Characterisation 
This chapter summarizes the adoptive fabrication method and characterisation in this 
study. Information of the starting materials and instruments are listed in details. 
Procedures to fabricate Ti-SrO MMCs, TiO2 nanotubes and SrTiO3-TiO2 
heterostructured nanotubes are also explained. The related fabrication and testing 
method will be further elaborated in related chapters. 
3.1 Materials and Chemicals 
3.1.1 Fabrication process of Ti-SrO metal matrix composites 
The SrO powders were mixed with Ti powders with 1, 3 and 5 wt%. Ti-1SrO, Ti-
3SrO and Ti-5SrO represented Ti-SrO MMCs with a SrO addition of 1, 3 and 5 wt%, 
respectively. One part of Ti and SrO mixture was mixed with ten parts stainless steel 
balls (with a diameter of 6 mm) by ball milling (PM400, Retsch, Germany) for 2 h. 
The mixture was then uniaxially pressed to green compact samples (with a diameter 
of 13 mm and a height of 2 mm) at 600 MPa. Samples were isothermally sintered at 
1100 °C in vacuum (< 10-3 Pa) for 3 h with a preheating and cooling rate of 
20 °C/min (Fig. 3.1). 
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Fig. 3.1 Diagram for vacuum sintering process of Ti-SrO MMCs. 
To investigate the influence of sintering method to the structure and mechanical 
properties of Ti-SrO MMCs, Ti-3% SrO MMCs were fabricated using general 
vacuum sintering method (VS-Ti/SrO) and spark plasma sintering method (SPS-
Ti/SrO, SYNTEX, Japan). In SPS process, ball-milled Ti and SrO powders were 
placed in a graphite die to sinter under a pressure of 30 MPa at 1000 °C for 5 min. 
The heating and cooling diagram of SPS process is exhibited in Fig. 3.2. 
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Fig. 3.2 Heating and cooling diagram of SPS process. 
3.1.2 Fabrication of TiO2 nanotubes layer using anodisation method 
C.p.-Ti plates (Grade 2, purity ˃ 99.9 wt.%) with sizes of 10 × 10 × 0.5 mm were 
used as starting materials. The Ti plates were ground with 600 and 1200 grit silicon 
carbide papers, and then ultrasonically cleaned in distilled water, ethanol and acetone 
for 5 min progressively.  
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Fig. 3.3 Experiment setup for TiO2 nanotubes anodisation. 
Anodisation method was used to fabricate TNTs. A two electrode system was used to 
fabricate TiO2 nanotubes (as shown in Fig. 3.3). Firstly, freshly polished Ti plates 
were anodised in an ethylene glycol based electrolyte with NH4F and distilled water 
under a electric field (DC power supply, BK 9124, BK Precision, US). After 
anodising, all as-anodised samples were annealed at 500 °C for 3 h in a muffle 
furnace with a preheating rate of 5 oC/min. 
3.1.3 Decoration TiO2 nanotubes through hydrothermal process 
Hydrothermal method was used to decorate TiO2 nanotubes with different 
concentrations of strontium. Annealed TNTs were ultrasonically cleaned with 
distilled water, ethanol for 5 min continuously. One annealed TNTs sample and 10 
mL Sr(OH)2 solution were placed in autoclaves made by polytetrafluoroethylene 
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(PTFE). The autoclaves were heated in oven at 120 oC. The final samples were 
cleaned with 0.02 M hydrochloric acid (HCl) and distilled water for 2 min 
continuously.  
Two kinds of SrTiO3-TiO2 heterostructured nanotubes containing high Sr content 
(referred as H-Sr/TNTs) and low Sr content (L-Sr/TNTs) were fabricated to 
investigate the influence of concentrations of Sr to in vitro biocompatibility. Original 
TNTs were fabricatd at 30 V for 4 h in electrolyte with 0.25 wt% NH4F and 2 wt% 
distilled water, and then annealed at 500 oC for 3 h. H-Sr/TNT samples were 
synthesised in 0.02 M Sr(OH)2 for 12 h, and L-Sr/TNT samples were synthesised in 
0.02 M Sr(OH)2 for 3 h. 
3.2 Morphology, Structure and Surface Characteristics 
3.2.1 Mounting, grinding and polishing 
Ti-SrO MMCs samples were mounted in Struers polyfast powders (bakelite with 
carbon filler, Struers, Denmark) under 25 kN pressure at 180 °C for 6 min. Mounted 
samples were ground on grinding machine (Struers Rotopol-1 Dual Disc, Struers, 
Denmark) with 240, 600, 1200 and 4000 grit SiC paper. The final polish was finished 
using colloidal silica solution on a synthetic short-napped cloth pad on a Struers 
TegraPol-21 for 15 min. 
3.2.2 X-ray diffraction analysis 
The phase structures of the Ti-SrO MMCs and TNTs were analyzed by X-ray 
diffraction (TF-XRD, X’pert pro-MPD, PANalytical, The Netherlands) with copper 
Kα incident radiation (1.542 Å) at 40 kV and 30 mA with a scanning speed of 0.05 
degree/s from 20° to 80°.  
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3.2.3 Density and oxygen content 
The density of composites was measured according to the Archimedes method by a 
digital balance (Sartorius BP 221S, Germany). The oxygen contents of as-sintered Ti 
and Ti-SrO MMCs were determined by glow discharge optical emission 
spectrometry (GDOES), and three samples were tested per group. An analysed zone 
with a diameter of 4 mm was discharged at 700 V and 20 mA. The oxygen content at 
a depth of 50 μm of fresh polished samples was determined as the oxygen content of 
the sample. 
3.2.4 Optical microscopic analysis 
The morphologies of Ti-SrO MMCs were observed using optical microscopy (OM, 
DP70, Olympus, Tokyo, Japan). Linear intercept method was employed to measure 
the average grain size of MMCs with optical microimages from ~150 grains.  
3.2.5 Scanning electron microscopic observation 
The microstructure was observed using Scanning Electron Microscopy (SEM, Supra 
55 VP, Zeiss, Germany). The elemental analysis was characterized by energy 
dispersive X-ray spectroscopy (EDX, Oxford, UK). The morphology observation 
work was also finished by a Leica SEM (Leica S440, Zeiss Supra 55VP, Germany) 
equipped with EDX detector (Oxford Instruments, UK). Carbon coating was 
deposited on samples before EDX analysis. 
3.2.6 Transmission electron microscopic of TiO2 nanotubes 
Transmission electron microscopy (TEM, JEOL-2100F, Japan) was used to observe 
the morphologies and crystal structures of TiO2 nanotubes and SrTiO3-TiO2 
heterostructured nanotubes. Nanotubes were scratched carefully from the as-prepared 
samples. The TiO2 nanotubes fragments were then ultrasonically dispersed in ethanol. 
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200 mesh copper grids coated with pure carbon (Ted Pella Inc., US) were used for 
TEM observation. The acceleration voltage was 200 kV. 
3.2.7 Atomic force microscopic analysis 
Atomic force microscopy (AFM Cypher, Asylum Research, USA) was used to 
observe the surface topographies and to measure the absolute roughness (Ra). 
Aluminium cantilevers (Force constant 40 N/m, Budget sensors, INC. Sofia, 
Bulgaria) were operated in tapping mode.  
3.2.8 Surface energy measurement 
The contact angle was measured using a contact angle tester (KSV Cam 101, KSV 
Instruments, Inc., Finland). The surface energy is calculated according to Owens-
Wendt (OW) method: 
ሺͳ ൅ ܿ݋ݏ ߠሻߛ௅ ൌ ʹሺටߛ௅ௗߛௌௗ ൅ ටߛ௅
௣ߛௌ௉ሻ   (3. 1) 
ߛௌ ൌ ߛௌௗ ൅ ߛௌ
௣       (3. 2) 
where θ is the contact angle between liquid droplets and solid surface; the supscripts 
d and p are for the dispersive component and polar component, respectively; 
subscripts L and S represent liquid and solid. All samples were stored in the lab room 
24 h in advance to prevent the influence of temperature and humidity. Ultrapure 
distilled water and ethylene glycol with the drop size of 5 μL was used to measure 
the contact angle of samples. The dispersive component, polar component and 
surface energy for water were 21.8 mJ/m2, 51.0 mJ/m2 and 72.8 mJ/m2, and these 
parameters for ethylene were glycol 29.0 mJ/m2, 19.0 mJ/m2 and 48.0 mJ/m2, 
respectively [298]. 
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3.2.9 Concentration of Sr2+ ions in cell culture media 
The releasing properties of Ti-SrO MMCs and Sr/TNTs were assessed by measuring 
concentration of Sr2+ by inductively coupled plasma mass spectrometry (ICP-MS, 
Agilent 7700X, US) in cell culture media at 37 °C for 1 d, 3 d, 7 d and 14 d. The 
instrument was calibrated with Sr(NO3)2 standard solution with a concentration of 5, 
10, 50 and 100 part per billion (ppb) in 2 wt% HNO3 solution. The measured cell 
culture was diluted 100 times in 2 wt% HNO3. One Ti-SrO MMCs or Sr/TNTs 
sample was immersed with 10 mL cell culture media. The liquid was withdrawn and 
filtered with a 0.22-μm filter. 
3.3 Mechanical Properties 
3.3.1 Hardness test 
The microhardness was tested using a Vickers hardness tester (Leitz Wetzlar 4065, 
Germany) with a load of 2.94 N (HV0.3) and a dwell time of 10 s. The hardness 
values were measured from 25 indents with a distance of 50 μm on each sample.  
3.3.2 Nanohardness test 
Nanoindentation derives from the Vickers hardness test and it offers a method to test 
the elastic modulus (E) and nanohardness at the nanoscale dimension. 
Nanoindentation test was carried out using atomic force microscope (UMISII, 
CSIRO, Australia) with a maximum load of 20 mN and a dwell time of 10 s. The 
indenter was the Berkovich diamond indenter. 25 points were chosen by a 5*5 array 
and the interval between two points was 20 μm in the experiments for all samples. At 
the beginning, the indenter moved downward until contacted with the sample’s 
surface with a initial force of 0.015 mN. The force was loaded as the square root 
program with 20 incremental points in the process of loading and unloading. As the 
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equation 3.3 described the relationship between the load (P) and the displacement (h), 
the square root indentation method could achieve the equal displacement in the 
process of test. 






௧௔௡ ఏ     (3. 3) 
where ߠ is the face half-angle of Berkovich indenter (65.27 °) and E is the elastic 
modulus of materials. 
The measured sample was assumed to be isotropic before the calculation of elastic 
modulus and nanohardness according to the load - displacement curve [299]. The 
nanohardness was the mean pressure under the maximum load P (hmax) calculated 
according to Eq.3.4. The Eq. 3.5 gave the method to calculate the contact area (Ac). 
ܪ ൌ ௉ሺ௛೘ೌೣሻ஺೎ሺ௛೘ೌೣሻ       (3. 4) 
ܣ௖ ൌ ͵ξ͵݄ଶ ݐܽ݊ଶ ߠ      (3. 5) 
To the Berkovich indenter, the θ is 65.27º. The load P has a relationship with 




ଶ      (3. 6) 
3.3.3 Compression test 
The compressive strength of the Ti-SrO MMCs were evaluated by compression test  
equipped with a video extensometer (Instron 5567, Norwood, MA, US) with an 
initial strain rate of 0.005 mm/s under room temperature. Samples for the 
compression test were cylinders with a diameter of 5 mm and height of 10 mm. 
PTFE tape was used to reduce the frictional force on the interface between samples 
and compression head. 
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3.4 In vitro Biocompatibility Assessment 
3.4.1 Cell culture methodology 
Sterilization process of all samples for cell culture were finished in the muffle 
furnace at 180 oC for 3 h after the wash process with distilled water and ethanol. The 
samples were placed into each well of a 24-well plate. Osteoblast like cells (SaOS2, 
Barwon Biomedical Research, Geelong Hospital, Victoria, Australia) were seeded on 
the surface of Ti-SrO MMCs and pure Ti samples using a cell density of 1 × 104 cells 
per well. Cell proliferation, the protein absorption and alkaline phosphatase activity 
(ALP) of samples were measured to evaluate the biocompatibility.  
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl) -
2H-tetrazolium) assay was employed to evaluate the proliferation and density of 
SaOS2 cells. MTS solution was added to the well and incubated with cells at 37 oC 
for 4 h. Purple formazan was released and solubilized from cells. Colorimetric 
analysis was emplyed to measure the density of viability cells by comparing with a 
standard curve of known viable cell density. 
The ALP assay Kit (Sapphire Bioscience Pty Ltd, Australia) was employed to 
evaluate the ALP activity. Washed cells were homogenized in the buffer assay to 80 
μl and move into 96-well plate. The sample was mixed with 50 μL of 5 mM p-
nitrophenyl phosphate (pNPP) and then incubated at 25 oC for 1 h. Then 10 μL of 
ALP enzyme solution was added to each well and incubated at 25 oC for 1h. The 
ALP reaction was stopped by adding 20 μL stop solution. The optical density (OD) 
of plate was measured at 405 nm. The standard curve was calibrated by measuring 
the OD of 0, 4, 8, 12, 16, 20 nmol/well  pNPP solution at 405 nm. 
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Pierce™ BCA Protein Assay Kit (Thermo Scientific, USA) was used to measure the 
protein absorption of cells. The standard reagent was prepared with concentration of 
0, 25, 125, 250, 500, 750, 1000, 1500 and 2000 μg/mL bovine serum albumin (BSA). 
25 μL standard solution and sample replicate were pipetted into a 96-well microplate. 
Each well was added with 200 μL working reagent and incubated at 37 oC for 30 min. 
The OD at 561 nm was measured under room temperature. 
3.4.2 Confocal microscopic observation of cells on samples 
The morphologies of SaOS2 cells were observed using a confocal microscopy (Leica 
SP5, Leica Microsystems, Germany) and SEM. To the confocal microscopic 
observation after cell curlture, the SaOS2 cells were fixed in paraformaldehyde, then 
triton-X 100 in phosphate-buffered saline (PBS) (Sigma – Aldrich, Australia) was 
used to permeabilize for 10 min each at room temperature. The SaOS2 cells on 
samples were stained with 1% phalloidin and 40-6-diamidino-2-phenylindole at 
room temperature for 40 min, and all samples were washed by PBS three times 
between each of the steps. The confocal microscopic observations of the SaOS2 cells 
were finished in one week after staining.  
3.4.3 SEM observation of cells on samples 
For the SEM observation of the cell morphology, the dehydration of cells were 
operated by immersing 10 min progressively in a series of buffer solution for which 
the ethanol concentrations were 60, 70, 80, 90 and 100%, respectively, and then 
followed by chemical drying for 10 min using hexamethyldisilazane (HMDS, Sigma, 
Australia). A gold layer with 20 nm thickness was coated on the samples before SEM 
observation. 
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3.5 Statistical Analysis 
One-way analysis of variance (SPSS 14.0 for Windows, SPSS Inc., Chicago, IL) was 
applied to determine the statistical significance of the differences observed between 
groups. P< 0.05 was accepted as statistically significant. 
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CHAPTER FOUR          
4 Preparation and Characterisation of Ti-
SrO Metal Matrix Composites 
In this chapter, the microstructures of Ti-SrO MMCs were researched by XRD and 
SEM. The mechanical properties of Ti-SrO MMCs were measured using hardness 
test, nanoindentation test and compression test. One group Ti-3SrO samples were 
sintered by SPS to investigate the influence of sintering method to the structure and 
mechanical properties of Ti MMCs. The strengthening mechanisms of Ti-SrO 
MMCs were discussed. 
4.1 Morphologies and Structure of Ti-SrO Metal Matrix 
Composites 
4.1.1 Morphologies of Ti-SrO particles and bulk metal matrix 
composites 
The microimages of original and ball-milled powders by SEM are shown in Fig. 4.1. 
Large deformation happened in the process of ball milling because of rolling by balls. 
The original sizes of as-received titanium and strontium oxide powders were ~45 μm 
and ~1μm. After ball milling for 2h, the Ti and SrO powders were found to be mixed 
evenly (as shown in Fig. 4.1 (b)), and the size of mixed powders was ~10 μm. The 
nanoscale Ti and SrO powders agglomerated to large particles with micron size.  
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Fig. 4.1 Morphologies of ball-milled Ti and SrO particles: (a) at low magnification 
and (b) at high magnification with EDX result. 
Morphologies of bulk Ti and Ti-SrO MMCs were observed by SEM (as shown in Fig. 
4.2). The Ti-SrO MMCs demonstrated the finer grains with the increase of SrO 
content. There were more pores in Ti-5SrO MMC compared to Ti-1SrO MMC as 
shown in Fig. 4.2 (g). Sr was observed in the EDX result (as shown in Fig. 4.2 (h)).  
52 
 
Fig. 4.2 Second electronic morphologies and corresponding EDX data of Ti (a and b), 
Ti-1SrO (c and d), Ti-3SrO (e and f) and Ti-5SrO (g and h) MMCs, and the insets 
where the images with high magnification. 
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Morphologies of Ti-SrO MMCs using bright field and dark field optical microscope 
are exhibited in Fig. 4.3 and Fig. 4.4, respectively. With the increase of SrO addition, 
there were more and larger pores occurred in the Ti-SrO MMCs.  
The evolution of average grain size with the content of SrO is indicated in Fig. 4.5. 
The average grain sizes were calculated according to OM images (Fig. 4.4). With the 
increase of SrO, the average grain size of Ti-MMCs significantly decreased from 68 
μm to 20 μm.  
 
Fig. 4.3 Bright field morphology of Ti-SrO MMCs using OM: (a) Ti, (b) Ti-1SrO, (c) 
Ti-3SrO and (d) Ti-5SrO MMCs. 
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Fig. 4.4 Dark field morphology of Ti-SrO MMCs using OM: (a) Ti, (b) Ti-1SrO, (c) 
Ti-3SrO and (d) Ti-5SrO MMCs. 
 
Fig. 4.5 Average grain size of Ti and Ti-SrO MMCs. 





















4.1.2 XRD patterns of Ti-SrO metal matrix composites 
The XRD patterns of Ti and Ti-SrO MMCs are exhibited in Fig. 4.6. The main phase 
of Ti-SrO MMC was hexagonal close-packed Ti. In all Ti-SrO MMCs samples, 
(100), (002), (101), (002), (110) were observed and corresponded with α Ti standard 
pdf card. No obvious peaks of SrO were exhibited in the XRD patterns of Ti-1SrO 
and Ti-3SrO MMCs, and the possible reason was that the content of SrO was too low 
to display clearly peaks of SrO. Two weak peaks of SrO were observed in the XRD 
pattern of Ti-5SrO MMC.  
 
Fig. 4.6 XRD patterns of Ti and Ti-SrO MMCs. 
4.1.3 Densities of Ti-SrO metal matrix composites 
The densities of as-sintered (as shown in Fig. 4.7) pure Ti, Ti-1SrO and Ti-3SrO 
MMC samples were 4.41 g/cm3, 4.39 and 4.42 g/cm3, respectively. The density of 
Ti-5SrO MMC was 4.34 g/cm3. There was no significant difference between samples 
with different composition. 




















































Fig. 4.7 Densities of Ti and Ti-SrO MMCs. 
4.1.4 Contents of oxygen in Ti-SrO metal matrix composites 
The oxygen contents measured by GDOES in Ti and Ti-SrO MMCs are exhibited in 
Fig. 4.8. The contents of oxygen in pure Ti, Ti-1SrO, Ti-3SrO and Ti-5SrO were 
0.63, 0.8, 0.87 and 0.94 at%, respectively.  
 
Fig. 4.8 Contents of oxygen in Ti and Ti-SrO MMCs. 





































4.2 Mechanical Properties of Ti-SrO Metal Matrix 
Composites 
4.2.1 Hardness and nanohardness test on Ti-SrO metal matrix 
composites 
Fig. 4.9 exhibits the microhardness of Ti-SrO MMCs. The microhardness of Ti, Ti-
1SrO, Ti-3SrO and Ti-5SrO MMC were 177, 281, 431 and 514 HV0.3, respectively. 
The hardness increased significantly with the increased addition of SrO in Ti-SrO 
MMCs. The standard deviations of the Ti-SrO MMCs' microhardness were small (2-
4%), suggesting that the material was uniform using powder metallurgy. 
 
Fig. 4.9 Microhardness of Ti and Ti-SrO MMCs. 
Fig. 4.10 exhibits the load and displacement (P-h) curves of Ti and Ti-SrO MMCs 
acquired from nanoindentation test. In the loading process, both elastic and plastic 
displacement happened, and only elastic displacement was considered in unloading 
























process [300]. Ti-5SrO MMC showed the smallest displacement compared with pure 
Ti and other Ti-SrO MMCs samples.  
 
Fig. 4.10 Load and displacement curves of Ti and Ti-SrO MMCs by the 
nanoindentation. 
According to Oliver and Pharr’s theory [301], the hardness and elastic modulus can 







     (4. 1) 
ܵ ൌ ௗ௉ௗ௛       (4. 2) 
where the constant β is determined by the tip geometry; E2 and ν2 are Young’s 
modulus and Poisson ratio of the indenter material (diamond with E = 1141 GPa and 
ν = 0.07); S is the experimentally measured stiffness according to the unloading data. 
The nanohardness of Ti-SrO MMCs is shown in Fig. 4.11. The nanohardness of Ti, 
Ti-1SrO, Ti-3SrO and Ti-5SrO were 1.82, 3.34, 10.23 and 14.6 GPa, respectively. 

























The reduced elastic modulus of Ti-SrO MMCs is shown in Fig. 4.12. The reduced 
elastic moduli of Ti, Ti-1SrO, Ti-3SrO and Ti-5SrO were 79.23, 178.77, 205.84 and 
308.29 GPa, respectively. With the increase of SrO, both the nanohardness and 
reduced elastic moduli increased obviously.  
 
Fig. 4.11 Nanohardness of Ti and Ti-SrO MMCs. 
 

















Ti Ti-1SrO      Ti-3SrO  Ti-5SrO

















4.2.2 Compression test on Ti-SrO metal matrix composites 
The compression curves of Ti-SrO MMCs are exhibited in Fig. 4.13. With the 
increase of addition of SrO, the compressive strength increased significantly while 
the ultimate strain decreased remarkably. As shown in stress-strain curves, Ti-5SrO 
MMC represented a yield drop then followed by extensive strain hardening. Ti, Ti-
1SrO and Ti-3SrO MMC samples exhibited little strain-hardening effect after 
compressing under constant strain. Ti-3SrO and Ti-5SrO MMCs demonstrated 
limited ductility compared with pure Ti. 
 
Fig. 4.13 Compression curves of Ti and Ti-SrO MMCs. 
The mechanical properties of Ti-SrO MMCs measured using compression tests are 
shown in the Fig. 4.14 and Fig. 4.15. The ultimate compressive strength (σc) and 
ultimate strain of Ti-5SrO MMC were1753 MPa and 0.05, respectively, compared to 
982 MPa and 0.282 of pure Ti. With the increase addition of SrO in Ti-SrO MMCs, 
the compressive strength increased significantly while the ultimate strain decreased. 



























The elastic modulus of pure Ti samples was 97.9 GPa, which was similar to the 
elastic modulus of Ti-1SrO MMC with 98.4 GPa. The elastic moduli of Ti-3SrO and 
Ti-5SrO increased significantly to 129.2 and 178.8 GPa, respectively. 
 
Fig. 4.14 Compressive strength and ultimate strain of Ti and Ti-SrO MMCs. 
 






















































4.3.1 Morphology of powders and Ti-SrO metal matrix composites 
The size of Ti powders decreased significantly after ball milling as shown in Fig. 4.1. 
Cold welding of powders was also observed in the ball-milled powders. In the ball 
milling process, the argon gas was employed to prevent the oxidation of Ti powders. 
No detectable peaks corresponding to TiO2 were observed in the XRD pattern (Fig. 
4.6). Thus, the oxidation of powders was controlled by filling argon in the ball 
milling jars. The increasing of content of oxygen (Fig. 4.8) was mainly attributed to 
the oxygen in the SrO particles which was the strengthening phase in Ti-SrO MMCs. 
As shown in Fig. 4.2, straight grain boundaries were observed in Ti and Ti-SrO 
MMCs, which confirmed the formation of polygonal α-Ti grains. As there was no 
isostatic pressure applied during sintering, there were pores distributed both in grains 
and between grain boundaries as shown in the optical micrographs of Ti and Ti-SrO 
MMCs (Fig. 4.3 and Fig. 4.4). The pores in the Ti and Ti-SrO MMC samples 
exhibited nearly spherical morphologies, which might impact a positive effect on the 
ductility and toughness of the samples [112]. 
4.3.2 Strengthening mechanism in Ti-SrO metal matrix composites 
The improvement of σc for Ti-SrO MMCs was possibly attributed to several 
hardening mechanisms. Firstly, the refinement of grain size of Ti-SrO MMCs might 
be the main reason for the strengthening. Another reason could be attributed to the 
dispersion of strontia particles between Ti grains. 
With the diameter decreased from 70 μm of pure Ti to 20 μm of Ti-5SrO MMC, the 
σHP was increased by 87%. The compression test shows that the σc increased 78% 
and the microhardness increased by 2.9 times for Ti-5SrO MMC compared with pure 
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Ti samples. The refinement of grains exhibited an obvious influence to the hardness 
of Ti-SrO MMCs samples. In the Vickers hardness test, the microhardness of Ti-
1SrO, Ti-3SrO and Ti-5SrO MMCs samples were found to have increased by 58%, 
143% and 190%, respectively, compared with the pure Ti samples. In the 
nanoindentation test, the nanohardness of Ti-SrO MMCs exhibited an even higher 
increase. The nanohardness of Ti-1SrO, Ti-3SrO and Ti-5SrO MMCs were found to 
have increased by 83%, 462% and 704% compared to that of pure Ti samples. 
The mechanically milling also contribute the refinement of grains of Ti-SrO MMCs 
by mixing the fine dispersion of SrO powders with Ti (as shown in Fig. 1b) [115]. 
The growth of Ti grains was mainly restricted by the SrO particles, which were 
obstacles to the movement and fusion of Ti grains [302].  
The dispersion of oxide particles in Ti matrix played an important role in the 
strengthening of Ti-SrO MMCs [18]. Compared with pure Ti samples, the 
compressive strength of Ti-SrO MMCs were also dramatically improved by the 
dispersion of oxide particles [25]. One side effect of particulate dispersion is the 
decline of ductility. The larger particles tend to stay at the grain boundaries [302], 
which will enhance the stiffness while impeding the motion of grains.  
The increase in hardness was related to the dispersion of SrO in the Ti matrix. The 
process of mechanical alloying by high-energy ball milling induced cold welding and 
aggregation of the Ti and SrO powders [19]. The nanoscale SrO powders dispersed 
uniformly during the ball milling. The fine SrO particles dispersed in Ti-SrO 
composites were the main obstacles to grain boundary and dislocation movement in 
the process of compression test [10].  
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In Krasnowski and Dabrowski’s research [18], the Ti powders added with 2 wt% 
Y2O3 particles were ball milled for 20 h. The HV0.2 of nanocrystalline Ti-Y2O3 
composites was 655. The reason for the high increase in hardness of Ti-Y2O3 was 
attributed to the reduction of the grain size with long time ball milling. But in this 
research, Ti-SrO composites were fabricated without long time ball milling, the 
Vickers hardness also raised to at least 3.11 times higher than pure Ti, and it was 
reasonable to assume that the oxide dispersion strengthening effect also contributed 
much to the increase of hardness. 
In addition, the hardening effect of vacancies possibly played an important role in the 
improvement of σc. As shown in Fig. 4.3, there were more pores in Ti-SrO MMCs 
with higher content of SrO. The distribution of pores in Ti-SrO MMCs was ordered 
and uniform on the grain boundaries, which suggested that vacancies might migrate 
along the grain boundaries during the sintering process [303]. Vacancies and cracks 
during the sintering process (as shown in Fig. 4.3) might prevent the migration of 
grains in the compression test, which explained poor ultimate strain of Ti-5SrO 
MMC.  
The porosity in samples was one reason leading to the significant decrease of 
ultimate strain. The ultimate strain of pure Ti samples fabricated by arc melting was 
0.24 [304]. In this study, pure Ti samples fabricated using powder metallurgy method 
demonstrated similar ductility. The Ti-SrO MMCs exhibited worse ductility 
compared with pure Ti samples. The porosity was hard to be eliminated from bulk 
samples as there was no isostatic pressing in the vacuum sintering process. There 
were more porosity in the Ti-SrO MMCs as the oxide particles inhibited the diffusion 
and movement of Ti grains in the process of sintering [115]. 
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4.3.3 Elastic properties of Ti-SrO metal matrix composites 
Two methods were used to measure the elastic moduli of Ti-SrO MMCs in this study. 
The reduced elastic moduli of Ti-SrO MMCs were measured using nanoindentation 
method. The indenter contacted with sample and measure the displacement in the 
nanoindentation testing process. E* is the combined reduced modulus of contact body, 
which takes into consideration of the reduced elastic displacement occurring in both 








     (4. 3) 
where E1 and ν1 are elastic modulus and Poisson’s ratio for the specimen and E2 and 
ν2 are the parameters for the indenter. 
In general, E* was dominated by the elastic modulus of specimen as the elastic 
modulus of diamond indenter was far higher than that samples [299]. Thus, the 
measured reduced elastic moduli in this research were near the elastic moduli of Ti-
SrO MMC compacts. As the influence of porosity was not considered, the reduced 
elastic moduli tested by nanoindentation was a beneficial estimation of the elastic 
properties of Ti-SrO MMCs.  
The elastic moduli of novel Ti-SrO MMCs were higher than that pure Ti, and even 
higher than that natural bones [305]. In the biomedical application area, materials 
with low elastic modulus similar to natural bone are preferred. In future work, the 
elastic moduli of Ti-SrO MMCs might be adjusted by fabricating scaffoldings [306]. 
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4.3.4 Microstructure and mechanical properties of Ti-3SrO metal 
matrix composites sintered by vacuum furnace and spark plasma 
sintering 
Fig. 4.16 exhibits the XRD patterns of the VS-Ti/SrO and SPS-Ti/SrO composites. 
The XRD results indicated that the main phase of the Ti-3SrO MMCs is α-Ti. The 
microstructures of the Ti-3SrO MMC fabricated by vacuum sintering process and 
SPS process are shown in Fig. 4.17. It was observed that there were some pores in 
both the VS-Ti/SrO and SPS-Ti/SrO. The VS-Ti/SrO samples contained more and 
larger pores and showed a lower density compared to the SPS-Ti/SrO samples. The 
density of the SPS-Ti/SrO samples was 4.48 g/cm3, while the density of the VS-
Ti/SrO samples was 4.2 g/cm3. EDX results (inserted images in Fig. 4.17) illustrated 
that there was a similar Sr concentration in both Ti-SrO samples.  
 





















Fig. 4.17 Morphology of Ti-3SrO MMCs: (A) VS-Ti/SrO; (B) SPS-Ti/SrO; The 
inset is the EDX result on the point indicated by a red cross. 
Fig. 4.18 presents the load and displacement curves of pure Ti and Ti-3SrO MMCs 
sintered by vacuum and SPS, respectively. Under the same load, pure Ti exhibited 
largest displacement than Ti-3SrO MMC samples. 
 
Fig. 4.18 Load and displacement curves of Ti and Ti-3SrO MMC obtained by the 
nanoindentation. 
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Table 4.1 Average reduced elastic modulus, nanohardness and Vickers hardness of 
Ti and Ti-3SrO MMC. 
 SPS- Ti/SrO VS-Ti/SrO c.p. Ti 
Vickers Hardness [HV] 642.9 (42.8) 539.7 (25.7) 173.3 (13.6) 
Nanohardness [GPa] 1.83 (0.26) 1.29 (0.19) 0.88 (0.17) 
Reduced elastic 
modulus [GPa] 
77.80 (5.78) 63.76 (5.24) 63.91(5.19) 
*Standard deviation was shown as parentheses (SD). 
Table 4.1 lists a summary of the Vickers hardness, nanohardness and reduced elastic 
modulus of the Ti-3SrO MMC. It was found that SPS-Ti/SrO samples had the 
highest Vickers hardness (642.9 ± 42.8 HV), and VS-Ti/SrO samples exhibited 
medium Vickers hardness (539.7 ± 25.7 HV), which was significantly higher than 
that of c.p. Ti (173.3 ± 13.6 HV). The nanohardness demonstrated a similar trend to 
the Vickers hardness. The nanohardness of SPS-Ti/SrO and VS-Ti/SrO were 1.83 ± 
0.26 GPa and 1.29 ± 0.19 GPa, respectively, which were significantly higher than 
that of pure Ti, 0.88 ± 0.17 GPa. The reduced elastic modulus of the SPS-Ti/SrO 
samples (77.80 ± 5.78 GPa) was slightly higher than that of the VS-Ti/SrO samples 
(63.76 ± 5.24 GPa) and the c.p. Ti (63.91 ± 5.19 GPa). It was shown that the SrO 
content in the Ti-SrO composites did not affect the reduced elastic modulus 
significantly. 
In spark plasma sintering, raw Ti and SrO powders were sintered by passing about 
1500 ampere of direct current through the powders and the die under an uniaxial 
pressure of 50 MPa. The full densification of samples was achieved due to three 
factors: resistance heating, plasma and pressure application [307, 308]. 
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The densities of samples were improved significantly when samples were sintered 
under the uniaxial pressure [309]. Particles were in movement and rearranged under 





௫ ൅ ܲሻ      (4. 4) 
where ߩ  is the fractional density, t is time, B is a term that is determined by 
diffusion coefficient and temperature, ݃ is the geometric constant, γ is the surface 
energy and ݔ  is the particle size. The density got increased with the increase of 
sintering pressure. 
The fast heating rate was one of the remarkable advantages of SPS method. In the 
starting stage of SPS process, the heating rate was 200 °C/min, which was 10 times 
higher than the vacuum sintering. The growth of grains was restricted with higher 
heating rate [310]. The high heating rate in SPS was attributed to the Joule heating 
effect which was owing to the large current.  
Considering of the aim of Ti-SrO composites for the application as biomedical 
implants materials, suitable porosity and pore size might determine the biomedical 
performance after implantation [154]. The SPS-Ti/SrO composite samples were 
much more compact than VS-Ti/SrO samples with higher density and reduced elastic 
modulus than the c.p. Ti. With distribution of pores with size of 5-10 μm in the Ti-
3SrO samples fabricated by typical vacuum sintering, the reduced elastic modulus of 
VS-Ti/SrO was almost equal to the c.p. Ti.  
To conclude, compact Ti-3SrO MMC could be fabricated using SPS method. The 
Vickers hardness and nanohardness of Ti-SrO MMC fabricated by the SPS process 
were higher than those prepared using the vacuum sintering process. The reduced 
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elastic modulus of Ti-3SrO MMC fabricated by the SPS process was higher than that 
of those samples fabricated by the vacuum sintering process, which was similar to 
that of pure Ti. 
4.3.5 Comparison of nanoindentation and Vickers hardness test 
Nanoindentation test has the capacity to acquire accurate positioning and high 
resolution load and unload force data from small areas of samples to be measured. In 
addition, it is not necessary to measure the area of indents to calculate the hardness 
and elastic modulus [311]. Nanoindentation test is more accurate than Vickers 
hardness test especially in the small nonuniform samples [300]. 
The hardness values of Ti and Ti-SrO MMCs measured by nanoindentation test and 
Vickers hardness test are compared in Table 4.2. 
Table 4.2 Hardness of Ti and Ti-SrO MMCs measured by different methods. 
 Vickers hardness test (GPa) Nanoindentation test (GPa) 
Ti 1.77 ± 0.16 1.82 ± 0.29 
Ti-1SrO 2.81 ± 0.07 3.34 ± 0.16 
Ti-3SrO 4.31 ± 0.12 10.23 ± 1.45 
Ti-5SrO 5.14 ± 0.11 14.63 ± 1.57 
Data are shown in the format of mean ± standard error. 
For pure Ti samples, the hardness value did not show significant difference between 
Vickers hardness test and nanoindentation. However, hardness values of Ti-SrO 
MMCs exhibited remarkably difference between Vickers hardness test and 
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nanoindentation. The measured hardness was dominant by the area of indentation as 
described in Eq. 3.4 and Eq. 4. 5. The Vickers hardness is measured as follows: 
ܪ௩ ൌ ܲ ܣΤ        (4. 5) 
where P is the applied load, and A is the residual area of the contact area. 
The area of Vickers’ indenter (ܣ௏) and Berkovich’s indenter (ܣ஻) are calculated as 
follows:  
ܣ௏ ൌ ʹͶǤͷͲͶ݄ଶ      (4. 6) 
ܣ஻ ൌ ʹͶǤͷ͸݄ଶ      (4. 7) 
where A is the area, and h is the depth of indents. 
In Vickers hardness test, the h is given as follows: 
݄ ൌ ௗ
ଶξଶ ୲ୟ୬ഇమ
ൎ ௗ଻Ǥ଴଴଴଺      (4. 8) 
where d is the average diagonal length of the indents; θ is the angel of the indenter, 
which is 136°.  
The first difference between Vickers hardness test and nanoindentation test was the 
area of indents. In this study, the depths of typical indents in the Vickers hardness 
test and nanoindentation test of Ti-SrO MMCs were about 1.2 μm and 300 nm, 
respectively. The area of indents from Vickers hardness test and nanoindentation test 
were 35.28 μm2 and 2.21 μm2, respectively. As shown in Fig. 4.19, the diagonal 
length of indents on pure Ti samples by Vickers hardness test was about 100 μm. 
The average grain size of Ti, Ti-1SrO, Ti-3SrO and Ti-5SrO MMCs were 68.8, 56.4, 
42.4 and 20.5 μm, respectively. Thus, in the process of Vickers hardness test, the 
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hardness value corresponded to multi grains, including the porosities between grains 
(as shown in Fig. 4.4). In the nanoindentation test, most of the indents were located 
in one single grain. In this research, the hardness tested by nanoindentation could 
avoid the influence of porosity because of the smaller contact area than indents in 
Vickers hardness test. 
 
Fig. 4.19 Indents left on pure Ti samples: (a) Vickers hardness test and (b) 
nanoindentation test. 
The second difference between Vickers hardness test and nanoindentation test was 
the method to measure the contact area In nanoindentation test, the contact area was 
measured in the end of loading process with the largest displacement. In contrast, at 
Vickers hardness test, the contact area was measured at the end of unloading process 
with a smaller displacement than at the end of loading process. Thus, the 
nanoindentation test could supply a more accurate contact area than Vickers hardness 
test. Furthermore, accurate hardness value could be acquired using nanoindentation 
by reducing the influence of contact friction with a smaller contact area than that in 
Vickers hardness test [312].  
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In a brief summary, the hardness was accurate when measured by nanoindentation 
method on the Ti-SrO MMCs. Hardness tested by Vickers hardness was accurate in 
case of bulk and uniform pure Ti samples.  
4.4 Summary 
Ti-SrO MMCs with different addition of SrO particles were fabricated using simple 
powder metallurgy. Homogeneously mixed Ti and SrO powders were acquired by 
ball milling. The oxygen contents in Ti and Ti-SrO MMCs samples were controlled 
with low rotating speed of ball milling and high vacuum in sintering process. With 
the increase of SrO in Ti matrix, the compressive strength and microhardness of the 
Ti-SrO MMCs were enhanced, and the ultimate strain decreased significantly. The 
dramatic increase of compressive strength and microhardness were attributed to the 
effect of coaction of finer grain size of Ti-SrO MMCs, SrO particles dispersion 
strengthening in Ti matrix and vacancies' hardening effect.  
Both hardness and elastic modulus of Ti-3SrO MMC samples sintered by SPS were 
higher than those of Ti-3SrO MMC samples sintered via vacuum sintering method. 
The dense structure of Ti-SrO samples sintered via SPS method was ascribed to the 
uniaxial pressure and high heating rate. The difference between nanoindentation and 
Viker's hardness was compared. The hardness values tested by nanoindentation were 
more accurate than values measured by Vickers hardness method because of smaller 
contact area.  
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CHAPTER FIVE          
5 In vitro Biocompatibilities of Ti-SrO Metal 
Matrix Composites 
In this chapter, the surface characteristic and in vitro biocompatibility of Ti-SrO 
MMCs are presented. The influence of concentration of Sr in Ti-SrO MMCs to the 
proliferation of cells is investigated. The effects of oxygen and surface energy of Ti-
SrO MMCs to the biocompatibility are also discussed. 
5.1 Materials and Methodology 
To measure the released concentration of Sr2+ ions, Ti-SrO samples were immersed 
in the cell culture media with a media to surface area ratio of 0.3 ml/cm2 and then 
incubated at 37 °C for 72 h. The extracted fluid was withdrawn and filter-sterilized 
with a 0.22-μm filter. To investigate the effect of released Sr2+ ions from Ti-SrO 
samples on the cell viability, a cell culture test was carried out using the indirect 
contact method according to an international standard (ISO 10993-5: Biological 
evaluation of medical devices - Part 5: Tests for in vitro cytotoxicity). Briefly, 
SaOS2 cells were mixed with media at a cell density of 5 x104 cells/ml. A mixture of 
200 μl was transferred into a well of 48-well cell culture plate. The cell culture plate 
was placed in an incubator at a humidified atmosphere with 5 % CO2 at 37 oC for 24 
h to allow for cell attachment. The medium in each well was then removed and an 
extracts of 200 μl was added to each well. After further incubation of the cells for 5 d 
in the 48-well cell culture plates, MTS assay was used to measure the cell number in 
each well.  
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5.2 Surface Characteristic and Biocompatibility of Ti-SrO 
Metal Matrix Composites 
5.2.1 Surface characteristic of Ti-SrO metal matrix composites 
The contact angles between samples and distilled water and ethylene glycol droplets 
are listed in Table. 5.1. The hydrophilicity of Ti-SrO MMCs were similar as pure Ti. 
The contact angles between ethylene glycol droplets and Ti-SrO MMCs samples 
were smaller than those for pure Ti. The surface energy of Ti-SrO MMCs were 
increased with the greater addition of SrO contents. 
Table 5.1 Contact angles with water, ethylene glycol and the surface energy of Ti 
and Ti-SrO MMCs. 
 Water (o) Ethylene Glycol (o) Surface energy (mJ/m2) 
Pure Ti 66.09(±2.3) 62.11(±0.32) 39.91 
TS1 76.37(±1.86) 39.074(±4.63) 68.89 
TS3 70.66(±3.64) 41.1(±6.02) 73.77 
TS5 60.8(±4.27) 32.16(±4.08) 89.65 
Data are shown in the format of mean ± standard error. 
5.2.2 Release of Sr2+ ions from Ti-SrO metal matrix composites 
After immersing samples in cell culture media for 72 h, Fig. 5.1 presents the 
concentrations of Sr2+ ions which were measured by ICP-MS as 11.6 ± 0.9, 14.4 ± 




Fig. 5.1 Concentration of released Sr2+ ions from Ti-SrO MMCs in cell culture media 
after 72 h. 
5.2.3 Cell proliferation on Ti-SrO metal matrix composites 
Cell proliferation in Ti and Ti-SrO MMCs are shown in Fig. 5.2. After 7 days of 
culture, there were 2.56 × 105 per disk of SaOS2 cells for pure Ti, 3.22 × 105 for the 
Ti-1SrO MMC, 4.33 × 105 for the Ti-3SrO MMC and 3.82 × 105 for the Ti-5SrO 
MMC. After culturing for 14 days, the number of SaOS2 cells on Ti-1SrO and Ti-
3SrO MMCs discs were similar to pure Ti, and there were less cells on the Ti-5SrO 





























Fig. 5.2 SaOS2 cell number on the surface of Ti and Ti-SrO MMCs after culturing 
for 7 and 14 d (*p < 0.05, n=6). 
5.2.4 ALP activities of SaOS2 cells on Ti-SrO metal matrix 
composites 
Fig. 5.3 presents the ALP activities of SaOS2 cells on pure Ti and Ti-SrO MMCs 
after culturing for 1, 3, 7, 10, 14, 21 and 28 days. An increase in ALP activity was 
observed for all four groups, and the peaking was observed at day 10. This was then 
followed by a decrease after day 14. After 14 days of cell culturing, there was no 
difference in the ALP activities among the four groups of samples up to day 28. The 
addition of strontia did not significantly influence the ALP activities of SaOS2 cells 























Fig. 5.3 ALP activity of SaOS2 cells on Ti and Ti-SrO MMCs after culturing for 1, 3, 
7, 10, 14, 21 and 28 d. 
5.2.5 Morphologies of cells on Ti-SrO metal matrix composites 
The morphologies of the SaOS2 cells on the Ti-SrO MMCs on days 1 and 5 were 
observed using confocal microscopy and SEM, respectively. In the confocal images 
(Fig. 5.4), SaOS2 cells attached and spread on the Ti-SrO samples after 1 day of 
culturing. After culturing for 5 days, a flattened morphology of SaOS2 cells 
exhibited that a well-developed focal adhesion was established on Ti-SrO MMCs. 
The SEM images of SaOS2 cells on the surface of Ti-SrO MMCs after incubation for 
5 days were shown in Fig. 5.5. Filopodia of SaOS2 cells were observed for all four 
groups of samples, suggesting that there were intercellular adhesion and strong 
attachment with the substrate.  

































Fig. 5.4 Confocal images of SaOS2 cells after culturing for 1 and 5 d on: (a) and (b) 
Ti, (c) and (d) Ti-1SrO, (e) and (f) Ti-3SrO, (g) and (h) Ti-5SrO MMCs, respectively. 
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Fig. 5.5 SEM images of SaOS2 cells after culturing for 5 d on: (a) Ti, (b) Ti-1SrO, (c) 
Ti-3SrO and (d) Ti-5SrO MMCs. 
5.3 Discussion 
5.3.1 Biomedical effect of strontium 
There was higher density of cells on the Ti-3SrO MMC than pure Ti as shown in Fig. 
5.2. However, increasing the SrO to 5 wt% led to a lower cellular proliferation after 
7 days of culturing, which suggested that 5% SrO content in Ti-SrO MMCs 
suppressed the proliferation of SaOS2 cells compared to 3% SrO content.  
The cell number after cell culture for 5 d in the extracts of Ti-1SrO, Ti-3SrO and Ti-
5SrO MMCs (as shown in Fig. 5.6 ) were 2.08 ± 0.08, 2.18 ± 0.09 and 2.08 ± 0.04 × 
105, respectively, which showed no significant difference among them. It indicated 
that the extracts of Ti-1SrO, Ti-3SrO and Ti-5SrO MMCs had no significant 
inhibitory effect on cells. Furthermore, the concentrations of Sr released from these 
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composites were far lower than those from the orally taken strontium ranelate [39]. 
There is no consensus has been reached about the proper concentration of Sr in 
biomaterials. One previous in vitro research [313] illustrated that the inhibitory effect 
of Sr was obvious with a concentration higher than 2 ppm. Another study [314] 
asserted the Sr with the concentration of 5-20 ppm in bioactive glasses did not affect 
the in vitro biocompatibility. 
 
Fig. 5.6 Cells cultured with extracted cell culture media from Ti and Ti-SrO MMCs. 
The cell proliferation data suggested that the optimal addition of SrO to the Ti metal 
matrix composites was 3 wt%, and there were less cells on samples with even higher 
concentration of SrO in this research. A similar inhibition effect by high addition of 
Sr was also observed in a study by Lakhkar et al.[315]. When Sr was loaded using 
hydroxyapatite, Sr at a 5 at% and higher concentration showed an obvious inhibition 
effect on cell proliferation [313]. Chung et al [40] reported that hydroxyapatite 
coatings with lower Sr addition (10 at%) demonstrated a similar trend to the results 
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bioactivity and biocompatibility of osteoblast cells, and a higher concentration of Sr 
(>10 at%) inhibited the proliferation of cells.  
The addition of strontia to the Ti matrix composites did not affect the ALP activity of 
SaOS2 cells significantly as shown in Fig. 5.3. It was shown that the ALP activity for 
all four groups of Ti-SrO MMCs demonstrated a similar trend, that is, the peak of 
ALP activity appeared at day 10 and kept stable from day 14 to 28 for all four groups 
of Ti-SrO samples. The influence of Sr on ALP activity was not observed in other 
time points. The results of the in vitro assessment indicated that Ti-SrO MMCs were 
kinds of promising biomaterials for tissue engineering according to the performance 
of cellular proliferation and ALP activity. Another research found that the optimal 
concentration of SrO was 5 at% in bioglass, and higher concentration of Sr inhibited 
the ALP activity [313]. 
Ti-1SrO and Ti-3SrO MMCs samples demonstrated excellent in vitro 
biocompatibility as shown in the confocal micrographs (Fig. 5.4). Bundles of actin 
filaments were observed on the Ti-3SrO MMC after 7 d cell culturing. Higher 
density of SaOS2 cells could be observed on the surface of Ti-3SrO MMC (Fig. 5.4 
(f)) compared to Ti-5SrO MMC (Fig. 5.4 (h)). Confocal micrographs suggested that 
SaOS2 cells preferred Ti-3SrO than Ti-5SrO MMC, which was in consistent with the 
cell viability result. SEM images (Fig. 5.5) demonstrated typical morphology of 
healthy osteoblast-like cells on Ti-SrO MMCs as well as on pure Ti samples. 
The enhanced proliferation of SaOS2 cells was also partly attributed to the higher 
surface energy of Ti-SrO surfaces. High surface energy enhanced the response of 
cells on the surface of Ti substrate [316, 317]. The possible reason was that higher 
surface energy resulted in local attraction of serum proteins to promote the 
proliferation of cells [316]. In this study, the culture media contained 10% fetal 
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bovine serum, and the major component of the fetal bovine serum was bovine serum 
albumin (BSA). In a previous research, it was suggested that the surface energy was 
the dominant factor for the absorption of BSA [318]. 
In previous research [40], hydroxyaptite coatings with proper Sr addition also 
demonstrated a similar trend like our research. Hydroxyapatite with lower addition of 
Sr enhanced the bioactivity and biocompatibility of osteoblast cells, and those with 
higher addition of Sr depressed the bioactivities. The proliferation of cells were 
inhibited on hydroxyaptite with 5 at% Sr [41].  
The Ti-5SrO MMC showed lower MTS value compared to Ti-3SrO MMC after both 
7 d and 14 d cell culturing. It was possible that higher Sr addition inhibited the 
differentiation and proliferation of osteoblast cells [40]. The similar inhibition effect 
of high addition of Sr was also found in Hesaraki et al.'s result [313]. In this study, 
the MTS result suggested that the optimal addition of SrO to the Ti metal matrix 
composites was 3 wt%. There was obvious relationship between ALP activities and 
concentration of SrO in Ti-SrO MMCs in current study. The possible reason was that 
the content of strontium was not high enough to impress the ALP activities.  
Morphological study also confirmed that all Ti-3SrO MMCs samples demonstrated 
excellent in vitro biocompatibility as shown in Fig. 5.2. Bundles of actin 
cytoskeletons were observed on the samples after 7 d cell culturing, which presented 
the excellent in vitro biocompatibility of Ti-3SrO MMC. More cells could be 
observed on Fig. 5.4 (f) and more cytoskeletons interacted with other cells, compared 
to Fig. 5.4 (h).  
The Ti-3SrO MMC is a promising biomaterials for tissue engineering according to 
the performance of MTS and ALP assay, though the exact biomedical influence of Sr 
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in Ti-SrO MMCs was not clear enough. Further detailed research is needed to 
determine the optimal content of Sr in Ti-SrO MMCs based on in vivo research and 
applications. 
5.3.2 Effect of oxygen to the biocompatibility 
The oxygen content influenced the biomedical performance of Ti and Ti alloys. 
Previous research illustrated that the increase of oxygen in Ti enhanced the 
proliferation of cells on the surface and corrosion resistance [319]. The thin TiO2 
layer on the surface played an important role in the biocompatibility of Ti implants 
[320, 321]. Oxygen delivered to Ti matrix by ion implantation [322-324] improved 
the surface hardness and biocompatibility.  
The surface of oxide particle was always charged with negative hydroxyl group (OH-) 
in body fluid [325]. Then, positive charged ions in body plasma, such as Ca2+ and 
Na+, would be absorbed to combine with the surface of implants. Ohgaki et al. [326] 
demonstrated that the adsorption ability of cell adhesive proteins on the surface of 
implants was enhanced with positive charged Ca2+. Thus, the attachment of cells 
gained improved attachment and spreading on the surface of implants with oxide. In 
this research, the strontium is delivered by strontia which was an kind of oxide 
particle.  
5.3.3 Effect of surface energy to the biocompatibility 
The change of surface energy between different Ti-SrO MMC samples was a factor 
influencing the proliferation of SaOS2 cells. The attachment and proliferation of 
cells on the surface of implants depended on the basic physico-chemical 
characteristics of material. High surface energy enhanced the response of cells on the 
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surface of Ti substrate [316, 317]. High surface energy influenced the local attraction 
of serum proteins, which ultimately affected the proliferation of cells [316]. 
Cell number is controlled by cell attachment, spreading and proliferation [156]. The 
successful cell adhesion was closely related with the roughness, surface 
hydrophilicity and surface energy of the metallic implants [327]. In this research, all 
samples were prepared with the same roughness by grinding with 1200 grit 
metallographic paper. The hydrophilicity of samples illustrated no remarkable 
difference as shown in Table 5.1. With the similar topography and similar 
hydrophilicity, the main influencing factor was the surface energy difference 
between samples. The surface energies of Ti-SrO were remarkably higher than pure 
Ti. The cell numbers were higher on Ti-SrO MMCs than pure Ti after culturing for 7 
d.  
5.4 Summary 
MTS results after 7 d and 14 d cell culturing proved that Ti-SrO MMCs had the good 
biocompatibility to stimulate the proliferation of SaOS2 cells. High SrO addition 
possibly inhibited the proliferation of osteoblast cells. The ALP activities of SaOS2 
cells for all four groups of Ti and Ti-SrO MMCs demonstrated that the peak activity 
occurred at day 10, and remained unchanged from day 14 to 28. Confocal 
microscopic images demonstrated healthy attachment and spreading of SaOS2 cells 
on the surface of Ti-SrO MMCs. The releasing amount of Sr2+ ions were ranged from 
10-20 ppb in cell culture media, which played slight influence to cell proliferation 
and ALP activities of cells. Through a comprehensive consideration of mechanical 
properties and MTS results, 3 wt% SrO is the optimal addition to Ti-SrO MMCs in 
this study. Further and detailed researches are needed to investigate the possible 
inhibition effect of higher strontium addition in Ti-SrO MMCs.  
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CHAPTER SIX          
6 Fabrication and Decoration of TiO2 
Nanotubes Layer on Ti 
In this chapter, the relationships between anodisation parameters and the morphology 
of TNTs are discussed. The structure and morphology of different TNTs and SrTiO3-
TiO2 heterostructured nanotubes are illustrated. Wetting characteristic and the 
surface energy of the TNTs layer and SrTiO3-TiO2 heterostructured nanotubes are 
investigated and discussed. 
6.1 Anodisation of TiO2 Nanotubes Layer on Ti with 
Different Morphologies 
6.1.1 Phase change of TiO2 nanotubes through the annealing process 
The XRD patterns of Ti with TNTs layer before and after annealing are shown in Fig. 
6.1. It can be seen that the main phase of the as-anodised TNTs was Ti with an 
amorphous TiO2 layer structure. After annealing in a muffle furnace for 3 h, an 
anatase TiO2 phase was distinguished in the XRD pattern. The diffraction peaks in 
the XRD pattern of annealed TNTs were 25.3°, 48.1°, 53.9° and 55.3°, which were at 




Fig. 6.1 XRD patterns of as-anodised TNTs (referred as AM-TNT) and annealed 
TNTs (referred as AN-TNT). 
6.1.2 Morphologies of TiO2 nanotubes at different statuses 
The morphologies of TNTs observed by SEM and TEM are presented in Fig. 6.2. 
The as-anodised TNTs exhibited a flat and smooth tube walls (Fig. 6.2(a)), while 
annealed samples showed a rough tube walls (Fig. 6.2(b)). As shown in the TEM 
images, the as-anodised samples exhibited an amorphous structure, and the annealed 
TNTs showed obvious TiO2 crystal structure. The high-resolution TEM images were 
in good agreement with the XRD patterns (Fig. 6.1). 






























Fig. 6.2 Morphology of TNTs by SEM: (a) as-anodised TNTs and (b) annealed TNTs, 
and TEM: (c) as-anodised TNTs and (d) annealed TNTs. 
The morphologies of the base of TNTs and Ti substrates after peeling off the TNTs 
layer were shown in Fig 6.3. Uniform concaves with debris left by TNTs could be 
observed in the Ti substrate as shown in Fig. 6.3 (b). 
 
Fig. 6.3 (a) Morphology of the base of the TNTs; (b) Morphology of Ti substrate 
after peeling off the TNTs layer. 
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Fig. 6.4 exhibits the change of TNTs through the annealing process. The exterior 
diameter of the as-anodised TNTs in the bottom part was about 160 nm, and the 
interior diameter was about 20 nm. After the annealing, there were double walls in 
the bottom of a single nanotube. Both the exterior wall and interior wall were with a 
thickness of 30 nm approximately. The gap between the exterior wall and interior 
wall was about 5-10 nm, and this gap changed according to the position in the 
nanotubes. When TNTs were annealed at even higher temperature (800 °C for 3 h), 
the TNTs collapsed and transformed to nanoparticles (as shown in Fig. 6.5).  
 
Fig. 6.4 (a) The bottom of as-anodised TNTs; (b) Double-walled structure of TNTs 
after annealing process. 
  
Fig. 6.5 Morphology of TNTs annealing at 800 °C for 3 h with (a) low magnification 
and (b) high magnification.  
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6.1.3 Morphologies of TiO2 nanotubes fabricated under different 
anodisation voltage 
A range of anodisation voltages (V=5, 10, 20, 30 and 40 V) were applied to 
investigate the influence of anodisation voltage to the morphology and diameter of 
TNTs (as shown in Fig. 6.6). 200 pieces of TiO2 nanotubes per sample were 
measured to calculate the diameter. The average diameters of TNTs anodised at 5 
and 40 V were about 16 and 122 nm, respectively. The relationship between the 
diameter of TNTs and the anodisation voltage was shown in Fig. 6.7. The linear 
function fit was also given in Fig. 6.7, and the adjusted R square was 0.993. 
 
Fig. 6.6 TNTs anodised under different voltages: (a) 5 V, (b) 10 V, (c)20 V, (d) 30 V 
and (e) 40 V. 
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Fig. 6.7 Relationship between the anodisation voltage and the diameter of TNTs. 
6.1.4 Morphologies of TiO2 nanotubes fabricated with different 
anodisation time 
The length of different TNTs samples anodised at 40 V with different times was 
measured according to the cross-sectional view micrographs of TNTs (as shown in 
Fig. 6.8). The relationship between the length of the TNTs and the anodisation times 
is presented in Fig. 6.9. After anodisation for 10 min, the length of TNTs was about 
936.2 nm as shown in Fig. 6.8 (a). After 30 min anodisation, the lengths of TNTs 
increased to about 5 μm. After 12 h anodisation, the length of TNTs was about 16 
μm. After anodisation for 24 h and 48 h, TNTs samples were with a length of about 
19.1 and 20.2 μm, respectively. Thus, the practical maximum length of TNTs 
anodised at 40 V was 20.2 μm as shown in Fig. 6.9. 






















Fig. 6.8 The morphology of TNTs from cross sectional view at 10 min, 30 min, 3 h, 
12 h, 24 h and 48 h. 
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Fig. 6.9 The relationship between the length of TNTs and the anodisation time. 
6.1.5 Morphologies of TiO2 nanotubes using different anodisation 
electrolytes 
To examine the influence of the content of electrolyte to the morphology of TNTs, 
two kinds of TNTs were anodised using different anodisation parameters. The first 
kind of TNTs was fabricated using a two-step anodisation process (termed TNTs-1). 
Firstly, Ti plates were anodised in an ethylene glycol based electrolyte with 0.25 wt% 
NH4F and 2 wt% distilled water (type-1 electrolyte) at a voltage of 30 V for 1 h. The 
as-anodised samples then were ultrasonicated in acetone for 10 min. After that, the Ti 
samples were anodised in the type-1 electrolyte at 30 V for 3 h to obtain TNTs-1 
samples. TNTs without a nanoporous layer (termed TNTs-2) were only anodised in 
ethylene glycol electrolyte with 0.25 wt% NH4F and 10 wt% distilled water (type-2 
electrolyte) at 30 V for 3 h. 















The topographies of TNTs with and without a nanoporous layer are presented in Fig. 
6.10. The top of TNTs-1 was evenly covered by a highly ordered nanoporous layer 
with a thickness of about 20 nm (Fig. 6.10 (a) and (e)). The diameter of the 
nanopores in this layer was approximately 100 nm. The diameter and length of the 
nanotubes below the nanoporous layer were about 70 nm and 5 μm (Fig 6.10 (e)), 
respectively. The diameter and length of TNTs-2 were approximately 100 nm and 4 
μm, respectively (Fig. 6.10 (b) and (f)). The surface of TNTs-2 showed a cone-like 
pattern of TNTs, as shown in Fig. 6.10 (c). The surface of TNTs-1 was flatter than 
that of TNTs-2 (Fig. 6.10 (c) and (d)) as it was covered by a nanoporous layer. 
 
Fig. 6.10 Top views of TNTs-1 at (a) high and (c) low magnifications and TNTs-2 at 
(b) high and (d) low magnifications, and cross-sectional views of (e) TNTs-1 and (f) 
TNTs-2. 
95 
To understand the formation of the highly ordered nanoporous layer on the top of 
TNTs when fabricating TNTs-1 using a two-step anodisation process, the Ti plate 
was firstly anodised in type-1 electrolyte, using a voltage of 30 V for 1 h, to form a 
TNT layer on it. The as-anodised sample then was ultrasonicated in acetone for 10 
min to remove the layer of TNTs on the top of the Ti substrate. The surface of the Ti 
substrate after removing the TNT layer is shown in the Fig. 6.11 (a). It was seen that 
a layer with highly ordered concaves (termed the barrier layer) was formed on Ti 
substrate, and that this layer consisted of amorphous titania [328]. The TNTs layer 
conjunct with the barrier layer was carefully peeled off from the Ti substrate to better 
observe its microstructure. Fig. 6.11 (b) shows the TNTs layer, conjunct with the 
barrier layer, viewed from the bottom. It was seen that there was the barrier layer 
(indicated by an arrow in Fig. 6.11 (b)) between TNTs and the Ti substrate after 
anodisation. The barrier layer showed highly ordered concaves, and provided a 
template for the second time anodisation process. Thus, after removing the TNTs 
layer formed in the previous anodisation process, the Ti substrate with such barrier 
layer was again anodised in the type-1 electrolyte at 30 V for 3 h. TNTs were 
produced underneath the surface with highly ordered concaves to obtain TNTs-1 
with a thickness of ~ 20 nm (shown in Fig. 6.11).  
  
Fig. 6.11 SEM images showing (a) the barrier layer on the Ti substrate after 
removing the TNT layer and (b) the barrier layer conjunct with the TNTs layer 
viewed from the bottom. 
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6.1.6 Surface characteristic of TiO2 nanotubes layer on Ti  
The topographies of TNTs-1 and TNTs-2 observed using AFM are shown in Fig. 6.12. 
TNTs-1 illustrated a flat surface with both concave and convex structures in Fig. 6.12 
(b)). TNTs-2 exhibited a cone-like pattern structure (Fig. 6.12 (c)) whilst c.p. Ti 
showed a typical pattern of metal surface after grinding (Fig. 6.12 (a)). The 
roughness of c.p. Ti, TNTs-1 and TNTs-2 were 111.22 ± 3.42, 92.01 ± 5.22 and 
182.48 ± 11.57 nm, respectively (shown in Fig. 6.12 (d)).  
 
    
Fig. 6.12 AFM images showing topographies of (a) c.p.-Ti, (b) as-anodised TNTs-1 
and (c) as-anodised TNTs-2, and (d) their surface roughness. 
Fig. 6.13 presents the water droplets on the surfaces of c.p. Ti and the annealed TNTs. 
The shapes of the water droplets on surfaces of TNTs-1 and TNTs-2 appeared flatter 
than those on c.p. Ti, which indicated that TNTs were much more hydrophilic than 
c.p. Ti. The water contact angles of c.p. Ti, TNTs-1 and TNTs-2 were 68.36 ± 2.67o, 
32.09 ± 1.08o and 11.06 ± 0.79o, respectively. The ethylene glycol contact angles of 
c.p. Ti, TNTs-1 and TNTs-2 were 62.61 ± 2.55o, 23.04 ± 2.26o and 17.12 ± 1.73o, 
respectively. 
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Fig. 6.13 Water droplets on the surfaces of (a) pure Ti, (b) TNTs-1 and (c) TNTs-2. 
The surface energy of c.p. Ti, TNTs-1 and TNTs-2 was calculated according to the 
OW method and listed in Table 6.1. The surface energy increased significantly after 
synthesising the TiO2 nanotube layer on Ti substrates. The surface energy of c.p. Ti 
was 26.78 ± 0.21 mJ/m2. TNTs-2 exhibited a higher surface energy (58.19 ± 2.32 
mJ/m2) than TNTs-1 (45.56 ± 1.13 mJ/m2).  
Table 6.1 Surface energy of Ti and TNTs. 
 γd mJ/m2 γp (mJ/m2) γ (mJ/m2) 
Pure Ti 9.78(±0.07) 17.00(±0.16) 26.78(±0.21) 
TNTs-1 18.58(±0.15) 29.98(±1.09) 45.56(±1.13) 
TNTs-2 10.45(±0.42) 47.74(±2.36) 58.19(±2.32) 
Data are shown in the format of mean ± standard error. 
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6.2 Decoration of TiO2 Nanotubes with Strontium using the 
Hydrothermal Method 
6.2.1 XRD patterns of Ti with SrTiO3-TiO2 heterostructured 
nanotubes layer 
The XRD patterns of TiO2 nanotubes and SrTiO3-TiO2 heterostructured nanotubes 
are shown in Fig. 6.14. The main phases of original TNTs were Ti and anatase TiO2. 
The peaks for SrTiO3 were clearly demonstrated in the XRD patterns of Sr/TNTs 
samples, and the peaks corresponded to TiO2 weakened after the reaction. XRD 
patterns confirmed the synthesis of SrTiO3 after hydrothermal reaction. In the XRD 
pattern of H-Sr/TNTs, the phase of SrTiO3 illustrated stronger intensity than TiO2 
and Ti, suggesting that the surface layer was mainly composed of SrTiO3.  
 
Fig. 6.14 XRD patterns of TNTs, L-Sr/TNTs and H-Sr/TNTs. 
































6.2.2 Morphologies of SrTiO3-TiO2 heterostructured nanotubes 
Morphologies of SrTiO3-TiO2 heterostructured nanotubes are exhibited in Fig. 6.15. 
In the SEM images, SrTiO3 nanoparticles with a size about 100 nm were aggregated 
in the TiO2 nanotubes. SrTiO3 crystals were observed in TEM images. As shown in 
the EDX result, the main elemental composition were the strontium, titanium and 
oxygen, and the peak of the copper was ascribed to the TEM grid to support 
nanotubes for TEM observation.  
 
Fig. 6.15 (a) SEM images of SrTiO3-TiO2 heterostructured nanotubes and (b) TEM 
images of SrTiO3-TiO2 heterostructured nanotubes with inserted EDX of SrTiO3-
TiO2 heterostructured nanotubes. 
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6.2.3 Surface characteristics of SrTiO3-TiO2 heterostructured 
nanotubes layer 
The surface roughness values of TNTs and Sr/TNTs were measured using AFM, and 
the data are exhibited in Fig. 6.16. Pure Ti had the roughest surface among four kinds 
of the samples. The roughness of original TNTs was 60.5 nm. The roughness of H-
Sr/TNTs (75.9 nm) was slightly higher than that of L-Sr/TNTs (64.7 nm). 
 
Fig. 6.16 Surface roughness of Ti, TiO2 nanotubes and SrTiO3-TiO2 heterostructured 
nanotubes. 
The droplets of distilled water on the surface of Ti, TNTs and SrTiO3-TiO2 
heterostructured nanotubes are presented in Fig. 6.13. The contact angles between 
the droplets of distilled water and the surface of L-Sr/TNTs and H-Sr/TNTs 
heterostructured nanotubes were 14.175° and 43.701°, suggesting that L-Sr/TNTs 
exhibited better hydrophilicity than H-Sr/TNTs. The surface energy of L-Sr/TNTs 
and H-Sr/TNTs heterostructured nanotubes were calculated according to Owens-
Wendt method and listed in Table 6.2. 

















Fig. 6.17 Droplets of distilled water on the surface of (a) pure Ti, (b) original TNTs, 
(c) L-Sr/TNTs and (d) H-Sr/TNTs. 
Table 6.2 Surface energy of TNTs, L-Sr/TNTs and H-Sr/TNTs. 
 γd mJ/m2 γp (mJ/m2) γ (mJ/m2) 
TNTs 10.11(±0.34) 45.41(±0.48) 55.53(±0.26) 
L-Sr/TNTs 6.09(±0.09) 59.51(±0.91) 65.6(±0.91) 
H-Sr/TNTs 22.54(±0.91) 19.04(±0.46) 41.59(±0.99) 
Data are shown in the format of mean ± standard error. 
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6.3 Discussion 
6.3.1 Synthesis of TiO2 nanotubes layer using anodisation method 
The general growth process of TiO2 nanotubes can be divided into three steps. At the 
initial stage of anodisation, an amorphous TiO2 layer with uniform hexagonal 
patterns was synthesised on the surface of Ti substrate (as shown in XRD patterns). 
Pitting points then expanded to nanopores in the center of hexagon due to the 
dissolution of [TiF6]2-. In the third step, nanopores grew to nanotubes with the 
progress of anodisation, and this phenomenon could be explained by the high 
solubility of [TiF6]2- and Ti-O-F compounds [195].  
A serial anodisation reactions occurred when pure Ti was immersed in electrolyte 
with F- ions under an electrical field, and they can be written as equations Eq. 6. 1 
and Eq. 6. 2 [195]:  
Ti+ 2H2O  TiO2 + 4H+ + 4e-   (6. 1) 
TiO2 + 6F- + 4H+  [TiF6]2- + 2 H2O   (6. 2) 
There were two main electric-assisted reactions in the formation of TNTs [186]. 
Equation 6. 1 described the formation of TiO2. The second electric-assisted process 
was the dissolution of TiO2 with F- ions. At the early stage of the anodisation process, 
a compact oxide layer (random top layer) formed on the mouths of TNTs in the 
ethylene glycol based electrolyte with F- ions and water [329]. Meanwhile, a 
transition layer (barrier layer) with highly ordered concaves, containing F- ions 
formed on the bottom of TNTs [211]. The movement of F- ions was driven inward by 
the electrical field and the difference in concentration of F- ions. In the one-step 
anodisation process without interruption an equilibrium was reached between the 
formation reaction of TiO2 and the etching reaction with F- ions. In the two-step 
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anodisation process, after the first anodisation process, the ultrasonic washing in 
acetone removed the random top TNTs layer and the highly ordered barrier layer was 
left on the Ti substrate (Fig. 6.11 (a)). During the second anodisation, the driving 
force for the F- ions in the surface layer decreased, as this layer was composed of 
passive TiO2, which was a semiconductor. The barrier layer with highly ordered 
concaves was used as a template for the second anodisation. Thus, the highly ordered 
nanoporous layer was fabricated on top of the TNTs to obtain TNTs-1 during the 
second anodisation. 
In the anodisation process, the thickness of nanotubes walls in the top part of TNTs 
was thinner than the bottom part of TNTs as a result in the difference of etching 
speed in the outer layer and inner layer. The as-anodised TNTs exhibited a circular 
cone-like structure as shown in Fig. 6.18. 
 
Fig. 6.18 Schematic image of circular cone-like structure of TNTs. 
6.3.2 The influence of anodisation parameters on the morphologies 
of TiO2 nanotubes 
The two most important parameters in the anodisation reaction were the anodisation 
voltage and anodisation time. The diameter of TNTs was closely related to the 
anodisation voltage [196]. The anodisation voltage affected the mobility of F- ions, 
104 
which was one of the most crucial factors to control the formation and solution of 
[TiF6]2-. The diameter of TNTs increased from 16 nm to 122 nm with the increase of 
the anodisation voltage from 5 V to 40 V as shown in the Fig. 6.7. The relationship 
between the diameter of TNTs and the anodisation voltage could be summarized as: 
݀ ൌ ݇ ൈ ܷ       (6. 3) 
where d, k and U are the diameter of TNTs, the factor of the diameter for TNTs and 
the anodisation voltage. The k is 3.301 under the current experimental circumstance 
in this study. 
The length of TNTs was determined by the anodisation time. In this study, the length 
of the TNTs increased from 0.9 μm to 20 μm with the increase of anodisation time 
from 10 min to 24 h. The length of TNTs increased slightly to 21 μm after 48h 
anodisation. As shown in the Fig. 6.9, the growth rate of TNTs decreased 
significantly with the progress of reaction. The length of TNTs did not show 
remarkable increase after 24 h anodisation. 
In the Ti anodisation process, there is a practical maximum length for TiO2 
nanotubes [210], which could be described as: 
݈ ൌ ݂ ൈ ܷ       (6. 4) 
where l is the length of TNTs and f is the growth factor relevant with Ti and 
electrolyte. The growth of TNTs was controlled by the dissolution of [TiF6]2- as 
explained in Eq. 6. 4. With the growth of the TNTs, the electric field intensity 
decreased under the constant voltage. The electric force driving the dissolution of 
[TiF6]2- decreased with the synthesis progress of TNTs layer. Thus, the dissolution of 
[TiF6]2- ceased at the low electric field at the end of the anodisation. In addition, the 
decreasing content of F- ions in the electrolyte with the progress of anodisation was 
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another reason leading to the decrease of the TNTs’ growth rate. At the starting stage 
of anodisation, the F- ions were abundant and could combine with Ti4+ to form 
[TiF6]2-. The content of F- in the electrolyte decreased with the formation and 
dissolution of [TiF6]2-. The exchange efficiency of F- ion also decreased significantly 
in the bottom part of nanotubes. After anodisation for 24 h, the decrease of 
dissolution rate of [TiF6]2- led to the significantly slow growth rate of TNTs. 
It was found that the content of water in electrolyte affected the morphology 
remarkably [330]. The content of distilled water played a vital role in the formation 
of TiO2 and in the diffusion of the [TiF6]2- [195, 331]. The TiO2 layer could be 
etched and dissolved at a high speed when using an electrolyte with a high 
concentration of distilled water, and this would further influence the morphology and 
structure of the TiO2 nanotubes. Firstly, the nanoporous layer was etched off 
thoroughly, so that the upper mouths of TNTs-2 were totally open without a 
nanoporous layer. Secondly, the alignment of nanotubes in TNTs-2 was not as 
compactly stacked as TNTs-1 (Fig. 6.10 (e) and (f)). This was because more water in 
the electrolyte resulted in a higher diffusion rate of ions in the formation of TiO2 
nanotubes. 
The annealing process affected both the structure and morphology of TNTs. The 
phase of the TiO2 nanotubes layer changed from amorphous to anatase (Fig. 6.1). The 
nanotube walls in the bottom part broke to two separate walls after the annealing (Fig. 
6.4). Albu et al. [210] asserted that the inner layer of TNTs was a carbon-rich layer in 
the anodisation process. In the following annealing process, the inner wall of TNTs 
separated and formed the double-walled structure. Under even higher annealing 
temperature (800 °C), the nanotubes collapsed into separate nanoparticles (Fig. 6.5) 
due to the growth of TiO2 grains.  
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6.3.3 The influence of morphologies of TiO2 nanotubes layer on the 
wetting characteristic 
The wetting property is significantly influenced by the topography of the surface 
[332]. TiO2 nanotubes with diameters from 20 to 100 nm are usually hydrophilic due 
to their nanotubular structures [253]. An annealing process transferred the 
amorphous TiO2 to anatase structure and improved the hydrophilicity [195], resulting 
in an increase in surface energy. In this study, the TNTs-1 exhibited a larger contact 
angle with a water droplet compared to the TNTs-2 samples. This would be because 
of the looser distribution of nanotubes on TNTs-2 than the TNTs-1, which increased 
the surface roughness of the TNTs-2 than the TNTs-1 (Fig. 6.12 (d)).  
6.3.4 Synthesis of SrTiO3-TiO2 heterostructured nanotubes layer 
As shown in XRD patterns (Fig. 6.14), SrTiO3 was synthesised through the 
hydrothermal reactions. The reaction mechanism of SrTiO3 is a transformation from 
titanium dioxide to titanate (Eq. 6. 5) [333]. 
TiO2 + Sr(OH)2   SrTiO3 + H2O   (6. 5) 
TiO2 with anatase phase is stable in the solution of pH value greater than 2, and the 
total molality (mTi, T) of the titanium species is greater than 10-7 (as shown in Fig. 
6.19) [334]. In this kind of Sr(OH)2 solution in this research, the stable species was 
Ti(OH)4 (aqueous).  
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Fig. 6.19 Calculated stability diagram of TiO2 species in water [334]. 
The Sr(OH)2 ionized to Sr2+ and OH- ions in the aqueous solution (Eq. 6. 6). At the 
early stage of the reaction, a dissolution of TiO2 to Ti(OH)4 was explained as Eq. 6. 7. 
The formation of [Ti(OH)6]2- depended on the combination of Ti(OH)4 with OH- ions 
(Eq. 6. 8). Then, [Ti(OH)6]2- would react with Sr2+ to form SrTiO3 nanoparticles (Eq. 
6. 9) which precipitated on the surface of TNTs.  
Sr(OH)2    Sr2+ + 2OH-   (6. 6) 
TiO2 + 2 H2O    Ti(OH)4   (6. 7) 
Ti(OH)4 + 2OH-  [Ti(OH)6]2-   (6. 8) 
Sr2+ + [Ti(OH)6]2-  SrTiO3 + 3 H2O  (6. 9)  
TiO2 + Sr(OH)2   SrTiO3 +  H2O  (6.10) 
With the progress of reaction, the synthesis of SrTiO3 was dominant by the in-situ 
transformation of the TNTs (6.10). SrTiO3 nanoparticles were observed in TiO2 
nanotubes (as shown in Fig. 6.20). 
























Fig. 6.20 Cross-sectional view of SrTiO3-TiO2 heterostructured nanotubes. 
The SrTiO3 nanoparticles grew to larger sizes with the longer reaction times. In the 
synthesis reaction of SrTiO3, the hydrolysis of TiO2 started from the grain boundary 
between the TiO2 crystals. Thus, the TiO2 crystals became isolated, and the thickness 
of the walls of the nanotubes became thin (as shown in the Fig. 6.21). The content of 
Sr in the SrTiO3-TiO2 heterostructured nanotubes was controlled by the reaction time.  
 
Fig. 6.21 TEM morphology of the hydrolytic TiO2 nanotubes. 
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6.5 Summary 
A layer of TiO2 nanotubes was fabricated on Ti substrate in ethylene glycol based 
electrolyte with distilled water and NH4F. XRD pattern and TEM images 
demonstrated that the main phase of as-anodised TiO2 nanotubes was amorphous 
TiO2. The main phase of TiO2 nanotubes transformed to anatase after the annealing 
at 500°C for 3 h. The TiO2 nanotubes collapsed due to the growth of TiO2 crystals 
after annealing at 800°C for 3 h.  
The influence of anodisation parameters to the morphology of TNTs was 
investigated. The diameter of TNTs was linearly correlated with the anodisation 
voltage in the range from 5 to 40 V. The practical maximum length of TNTs 
anodised at 40 V was about 21 μm. Two kinds of TNTs with and without a highly 
ordered nanoporous layer on top surface were fabricated by controlling the 
anodisation parameters. The roughness and surface energy of the TNTs without the 
highly ordered nanoporous layer on the top surface were higher than those of the 
TNTs with such an upper layer.  
SrTiO3-TiO2 heterostructured nanotubes were fabricated by the hydrothermal method. 
The contents of Sr in the SrTiO3-TiO2 heterostructured nanotubes were adjusted by 
the reaction time. At the starting stage of the reaction, the synthesis of SrTiO3 
nanoparticles was dominated by dissolution-precipitation process. Then, the SrTiO3 
nanoparticles were in-situ synthesised. The hydrophilicity decreased with the 
increase of content of Sr in SrTiO3-TiO2 heterostructured nanotubes. 
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CHAPTER SEVEN          
7 The Response of Osteoblast-like Cells to the 
Original TiO2 Nanotubes and SrTiO3-TiO2 
Heterostructured Nanotubes 
In this chapter, the responses of SaOS2 cells to the TiO2 nanotubes layer with 
different morphologies are investigated. The biocompatibility of Sr/TNTs layer with 
different concentration of Sr is researched. The influence of TiO2 nanotubes layer to 
the morphology of osteoblast like cells is discussed. The releasing properties and the 
optimal concentration of Sr in TiO2-SrTiO3 heterostructured nanotubes layer is also 
discussed. 
7.1 In vitro Biocompatibility of TiO2 Nanotubes Layer with 
Different Morphologies 
7.1.1 Cell proliferation 
A biocompatibility assessment was carried out using an in vitro cell culture for the 
TNTs-1 and TNTs-2 while c.p. Ti was used as the control group. The cell adhesion 
densities of osteoblast-like cells to TNTs-1 and TNTs-2 after cell culturing for 7 and 
14 d are shown in Fig. 7.1. It could be seen that the cell numbers on both TNTs 
increased with extension of cell culture time, and are higher than that on the c.p. Ti, 
indicating that both TNTs enhanced biocompatibility than c.p. Ti. The cell numbers 




Fig. 7.1 Cell adhesion on Ti, TNTs-1 and TNTs-2 after cell culturing for 7 and 14 d. 
7.1.2 Morphologies of SaOS2 cells on TiO2 nanotubes with different 
morphologies 
The morphologies of the SaOS2 cells on TNTs-1 and TNTs-2 after culturing for 1, 7 
and 14 d were observed using confocal microscopy (Fig. 7.2) and SEM (Fig. 7.3). 
Cells demonstrated healthy morphology on all samples. After cell culturing for 1 d, 
the cells on TNTs-1 and TNTs-2 were flatter and showed greater spreading extension 
than those on c.p. Ti, which meant that cells preferred the surface of the TNTs than 
c.p. Ti (Fig. 7.2 (a), (d) and (g)). The SaOS2 cells attached and spread well on the 
surfaces of both TNTs after culturing for 7 and 14 d (Fig. 7.2 (b), (c), (e), (f), (h) and 
(i)). The number of SaOS2 cells on the c.p. Ti was lower than those on both TNTs. 
This was consistent with the results of the MTS assay (Fig. 7.1). High resolution 
images of the actin cytoskeleton after cell culturing for 7 d are shown in Fig. 7.3. The 
extension of cells on the surface of both TNTs was clearly greater than that on the c.p. 
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Ti samples. As shown in Fig. 7.3 (b) and (c), actin cytoskeleton anchored soundly to 
the nanotubes on the surface of TNTs-1 and TNTs-2. 
   
   
   
Fig. 7.2 Confocal images showing cell growth on c.p. Ti (a, d and g), TNTs-1 (b, e 
and h) and TNTs-2 (c, f and i) after cell culturing for 1, 7 and 14 d, respectively. 
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Fig. 7.3 Actin cytoskeleton on the surfaces of (a) c.p. Ti, (b) TNTs-1 and (c) TNTs-2 
after cell culturing for 7 d (inserted images at low magnification). 
The diameter of the nanotubes was one of the most crucial parameters for the TNTs 
and there has been much debate concerning the optimal diameter for biomedical 
applications. The influence of the diameter of TNTs on the biocompatibility and cell 
behaviours is not well understood. Park et al. [35] asserted that TNTs with a diameter 
of 70 to 100 nm showed relative cytotoxicity for mesenchymal cells on the surface of 
TNTs, and greater cell apoptosis was observed than on TNTs with a diameter of 15 
nm. However, Oh et al. [34] reported that human mesenchymal stem cells showed 
greater proliferation on TNTs with a larger diameter (100 nm). In this study, the 
proliferation of SaOS2 cells was enhanced on TNTs compared to c.p. Ti samples. 
This was in good agreement with Oh’s result [34]. TNTs with relatively large 
diameters had the potential to supply more space for the adhesion and proliferation 
for SaOS2 cells and possess greater biocompatibility. 
The topography of TNTs layer affected not only the adhesion but also the shape of 
the cells. As shown in previous research, TNTs with diameters ranging from 70 to 
100 nm resulted in elongated cellular morphology [335] and further improved the 
proliferation of cells. In this study, the actin cytoskeletons of cells on TNTs-2 were 
significantly longer than those on the TNTs-1 and c.p. Ti (as shown in Fig. 7.2), 
which suggested that SaOS2 cells demonstrated preference to the surface of the 
TNTs-2 than TNTs-1.  
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TNTs exhibited rougher and sharper convex edges compared to the c.p. Ti samples 
(Fig. 6.12). The osteoblast cells were positively charged with Ca2+ [336] and the 
sharper edges of the nanotubes were negative charged and attracted cells, which 
enhanced the adhesion of cells to the implant surface [36]. In the present study, the 
viability of SaOS2 cells on the surface of TNTs layer was greater than those on the 
c.p. Ti. 
7.2 Biomedical Performance of a Layer of SrTiO3-TiO2 
Heterostructured Nanotubes on Ti Substrate 
7.2.1 Releasing properties of Sr2+ ions from a layer of SrTiO3-TiO2 
heterostructured nanotubes 
The concentrations of Sr2+ ions released from L-Sr/TNTs and H-Sr/TNTs layers are 
presented in Fig. 7.4. The concentrations of Sr2+ ions exhibited a significant increase 
in the period from 1 d to 7 d. The maximum concentration of Sr2+ was reached after 
immersion for 14 d. The concentrations of Sr2+ ions for both with samples showed no 
obvious change from 14 d to 21 d. The concentrations of Sr2+ ions for L-Sr/TNTs 
and H-Sr/TNTs were 1449 ± 124 and 6312 ± 271 ppb after immersing in cell culture 
media for 14 d. The concentrations of Sr2+ ions released from H-Sr/TNTs were 
significantly higher than those from L-Sr/TNTs.  
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Fig. 7.4 Concentrations of Sr2+ ions released from SrTiO3-TiO2 heterostructured 
nanotubes in cell media solution for 1, 3, 7 and 14 d. 
Strontium has the ability to stimulate the formation of new bones and inhibit the 
resorption of osteoclast cells [39, 123]. Strontium was introduced to TNTs by 
hydrothermal reactions in order to release the Sr ions in this study. The Sr/TNTs 
demonstrated loading and releasing capabilities of Sr2+ ions, which was shown in the 
result of ICP-MS. The hydrolysis of SrTiO3 in cell culture media was similar to other 
titanates [337]. The releasing of Sr2+ ions in cell culture media can be described as 
follows: 
SrTiO3 + H2O   Sr2+ + TiO2 + 2OH-   (7.1) 
The loading volumes of Sr2+ ions with Sr/TNTs were controlled by the concentration 
of Sr(OH)2 and reaction time. With higher concentration of Sr(OH)2 and longer 
reaction time, H-Sr/TNTs were loaded with more and larger SrTiO3 nanoparticles 
than that of L-Sr/TNTs. As shown in Fig. 7.4, the concentration of Sr2+ ions released 
from H-Sr/TNTs was seven times higher than that of L-Sr/TNTs after 1 day 

















































of Sr2+ ions were 4.3 times higher than that of L-Sr/TNTs. The maximum 
concentration of Sr2+ ions was 1448 ppb after immersing 14 d for L-Sr/TNTs. In 
contrast, the minimum concentration of Sr2+ ions released from H-Sr/TNTs was 2700 
ppb after 1 d of immersing, and the concentration of Sr2+ ions increased to 6282 ppb 
after 14 d of immersing. The high loading volume of Sr2+ ions in H-Sr/TNTs was due 
to greater numbers and larger SrTiO3 nanoparticles than L-Sr/TNTs. 
The Sr2+ ions releasing-properties using SrTiO3-TiO2 heterostructured nanotubes 
were equivalent with apatite based biocements [338-340]. The concentration of Sr2+ 
ions released from Sr-substituted hydroxyapatite coatings was 1000 ppb after 
immersing in SBF solutions for 7 d [338]. The concentration of Sr2+ ions released 
from apatite cement doping with Sr was 4000 ppb after immersing for 14 d in water 
[339]. Biocements modified with Sr released 300-700 ppb Sr2+ ions in cell culture 
media after immersing for 21 days [340]. 
7.2.2 SaOS2 cells on the layer of SrTiO3-TiO2 heterostructured 
nanotubes 
Fig. 7.5 presents the cell proliferation on the SrTiO3-TiO2 heterostructured nanotubes 
layer. The cells density on L-Sr/TNTs was similar compared with bare TNTs. After 
culturing for 7 d and 14 d, L-Sr/TNTs demonstrated remarkably enhanced 
biocompatibility compared with samples with higher Sr content. The number of 
SaOS2 cells on TiO2 nanotubes layer was higher than bare Ti samples after culturing 
for 14 d.  
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Fig. 7.5 Cell adhesion on Ti, TNTs and SrTiO3-TiO2 heterostructured nanotubes. 
After culturing for 1 d and 5 d, the morphologies of SaOS2 cells on Ti, TiO2 
nanotubes and SrTiO3-TiO2 heterostructured nanotubes are presented in Fig. 7.6. 
Cells attached and spread well on the surface of Ti, TNTs and L-Sr/TNTs. In contrast, 
the SaOS2 cells demonstrated unhealthy morphology on the surface of H-Sr/TNTs. 
The morphologies of SaOS2 cells observed by SEM are shown in Fig. 7.7. Cells 
exhibited a round shape on bare Ti samples, and an elongated shape on the surface of 
TNTs and L-Sr/TNTs. More and longer filopodia were observed on TNTs and L-
Sr/TNTs than bare Ti samples. SaOS2 cells obviously lacked long filopodia to be 
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Fig. 7.6 Morphologies of SaOS2 cells culturing for 1 d and 5 d on pure Ti (a and e), 
TNTs(b and f), L-Sr/TNTs (c and g) and H-Sr/TNTs (d and h) under confocal 
microscope. 
 
Fig. 7.7 SEM images of morphologies of SaOS2 cells culturing for 5 d on (a) Ti, (b) 
TNTs (c) L-Sr/TNTs and (d) H-Sr/TNTs. 
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7.2.3 Effect of strontium to biocompatibility 
The remarkably beneficial effect of a low concentration of strontium was proved by 
cell proliferation after culturing for 7 d and 14 d. The cell attachment and spreading 
observed by confocal microscopy also confirmed that there were more cells on L-
Sr/TNTs than H-Sr/TNTs. There have been many studies illustrating the beneficial 
effect of low concentration of Sr [39, 40, 341, 342, 343].  
The MTS assay result illustrated that the dose of Sr in L-Sr/TNTs was sufficient to 
stimulate the proliferation of SaOS2 cells, and the higher strontium dose of H-
Sr/TNTs clearly inhibited the proliferation of SaOS2 cells. There was an optimal 
content of Sr, and this result was inconsistent with previous research [338]. In 
addition, the attachment and spreading of SaOS2 cells was inhibited on the surface of 
H-Sr/TNTs as shown in confocal microscopic and SEM images (Fig. 7.6 and Fig. 
7.7). 
The inhibitory effect of Sr was exerted by suppressing the differentiation and 
proliferation of osteoclast cells [40, 344]. It was shown that the differentiation of 
osteoclast cells (RAW264.7) was restrained when the concentration of Sr was higher 
than 38.7 at% in the hydroxyapatite coatings [40]. It had been reported that HA films 
with higher than 3 at% Sr increased the osteoprotegerin to activation-induced 
cytokine receptor ratio, suggesting the deterioration of osteoclast cells' activities 
[344].  
A high dose of Sr demonstrated negative effect to biocompatibility, and the optimal 
dose was dependent on the delivery system and cell lineage [340, 341, 345]. 1 mM 
and higher SrCl2 in cell culture media inhibited the regeneration and bioactivity of 
cells [341]. The maximum concentration of Sr in calcium phosphate bone cements 
was 0.1 mM, and the adverse effect of Sr element was observed at even higher 
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concentrations [340]. With 5 at% Sr substitution of Ca in biphasic calcium phosphate, 
the protein activity and cell proliferation gained better performance than samples 
with even higher Sr substitution [341]. Sr2+ ions released from strontium ranelate 
with concentration of 0.5 mM demonstrated stronger influence on the proliferation 
and ALP activities of osteoblastic cells than even higher concentration of Sr2+ [345].  
Thus, the concentration of Sr in the layer of SrTiO3-TiO2 heterostructured nanotubes 
was one of the factors that determined the biomedical performance of SaOS2 cells. A 
higher concentration of Sr, that is greater than 2000 ppb, inhibited the regeneration of 
SaOS2 cells.  
7.2.4 Adhesion and spreading of cells on the layer of SrTiO3-TiO2 
heterostructured nanotubes 
In this study, Ti samples with TiO2 nanotubular topography significantly promoted 
the secretion of extracellular matrix components and the growth of filopodia of cells. 
Dense and long cytoskeletons were developed to anchor cells to the surface of 
substrates after culturing for 24 h on L-Sr/TNTs (as shown in Fig. 7.6 (c)).  
The attachment and spreading of osteoblast cells were determined by the 
topographies of implants [158, 346]. TNTs demonstrated different nano topography 
after hydrothermal reactions with Sr(OH)2 (as shown in Chapter 6). L-Sr/TNTs was 
semi-covered with SrTiO3-TiO2 nanotubes, while H-Sr/TNTs was fully covered by 
SrTiO3 nanoparticles with a size of about 100 nm. The roughness of the surface was 
changed due to the cover of SrTiO3 nanoparticles (as shown in Fig. 6.16).  
Biomaterials with nanoscale topography stimulated cells to secrete abundant fibril–
type extracellular matrix materials [268]. SaOS2 cells exhibited significant 
morphological difference on TNTs and L-Sr/TNTs compared with bare Ti and H-
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Sr/TNTs as shown in confocal images (Fig. 7.6). Osteoblast like cells attached 
randomly on the surface of bare Ti without clear alignment induced by the surface. 
The cytoskeletons of cells on TNTs and L-Sr/TNTs layers exhibited an organized 
shape, which was also a mark for the high mobility of cells. The behaviour of cells in 
this research was inconsistent with previous reports of Ti implants with nanotubes 
[281, 347]. SaOS2 cells on TNTs and L-Sr/TNTs spread numerous cytoskeletons to 
bind tightly with the substrate and interconnect with contiguous cells. 
SaOS2 cells demonstrated a rounder shape on H-Sr/TNTs than that of L-Sr/TNTs 
layer (as shown in Fig. 7.7 (c) and (d)). Actin cytoskeletons were essential to 
maintain the cell shape and to attach cells on implants. One of the possible reasons 
for the elongated cellular shape was that the morphology of nanotubes influenced the 
development of cytoskeletons to anchor cells on the surface. There were more lateral 
points on the layer of TNTs for cell integrin to bind with the implants and establish 
firm contact. In addition, the sharp and vertical walls of TiO2 nanotubes had an 
ability to trigger the development and spreading of filopodia [268]. The SrTiO3 
nanoparticles filled and covered the TiO2 nanotubes evenly in H-Sr/TNTs samples. 
The focal contact was established between cells and substrates without elongated 
filopodia on such kind of surface [348]. Thus, the osteoblast like cells failed to 
develop long cytoskeletons and maintained their round shape on the surface of H-
Sr/TNTs layer. 
The enhanced interconnection of cells were observed on the surface of TNTs and L-
Sr/TNTs layer (Fig. 7.7 (b) and (c)). The TiO2 nanotubes played a positive role in 
inducing the growth and organization of filopodia. The bare Ti samples lacked the 
nanostructural topography to signal the development of extracellular matrix fibril. As 
shown in Fig. 7.7 and Fig. 7.8, the length of filopodia was longer in the surface of 
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TNTs and L-Sr/TNT than on pure Ti and H-Sr/TNTs. It was shown that osteoblast-
like cells established good interconnections on L-Sr/TNTs through the production of 
fibrils. 
 
Fig. 7.8 Morphologies of SaOS2 cells on L-Sr/TNTs and H-Sr/TNTs layer after 
culturing for 5 d with high magnification. 
The adhesion of cells on the implants was established in two steps. Firstly, 
electrostatic forces connected the cell membrane and implants through a nonspecific 
contact [262]. In the second step, a specific and focal binding was established 
through integrin between cells and implants [36]. In this study, SaOS2 cells 
developed abundant filopodia in the surface of TNTs and L-Sr/TNTs to enhance the 
attachment and spreading of cells. In addition, the integrin of the cell membrane 
exhibited a preferentially curved surface with sharp edges [36]. L-Sr/TNTs exhibited 
sharper and much more curved topography than H-Sr/TNTs. Thus, the improved 
attachment of SaOS2 cells was further confirmation of the enhanced biocompatibility 
of L-Sr/TNTs layer. 
L-Sr/TNTs layer played a positive effect on the proliferation and attachment of 
osteoblast-like cells after culturing for 7 d and 14 d. In contrast, the layer of H-
Sr/TNTs had an adverse influence on the development of the extracellular matrix 
production between SaOS2 cells. 
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7.2.5 Influence of surface characteristics on biocompatibility 
The roughness did not show a significant difference between TNTs and Sr/TNTs 
(Fig. 6.16). The surface energy was changed remarkably after introducing Sr with 
different concentrations (Table 6.2). The positive influence of surface energy and 
hydrophilicity on the biocompatibility was carried out by changing the absorption 
ability of the surface [316]. The surface energy of L-Sr/TNTs was higher than the H-
Sr/TNTs. It has been shown that high surface energy of biomaterials plays a 
beneficial role to the growth of cells on implants [316]. In the cell culture media, 
surfaces with high surface energy were better able an advantage to absorb the anions 
and organic hydrocarbon molecules [349]. The attraction from TiO2 nanotubes and 
attachment of cells were both improved with the increased adsorption ability of 
serum proteins on the surface of TiO2 nanotubes with higher surface energy. 
L-Sr/TNTs showed an enhanced hydrophilicity than pure Ti and H-Sr/TNTs, as 
shown with the smaller contact angle of distilled water on the surface (as shown in 
Fig. 6.17). The hydrophilicity enhanced the absorption of molecules from the cell 
culture media [316]. Previous research [350] indicated that surface hydrophilicity 
might stimulate bone mineralization and osteointegration. The main phase of L-
Sr/TNTs layer was still the anatase, which determined the excellent hydrophilicity of 
the surface. The H-Sr/TNTs was composed of SrTiO3 with hydrophobicity. The 
ethanol cleaning and sterilization process also led to decreased hydrophilicity [351], 
which resulted in the hydrophilicity of H-Sr/TNTs being even worse than that of L-
Sr/TNTs.  
The surface of L-Sr/TNTs demonstrated a nanotubular structure compared with the 
H-Sr/TNTs. The adsorption ability of the surface was also been enhanced with the 
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nanotubular topography [352]. Thus, the surface of L-Sr/TNTs supplied a preferable 
surface for the attachment and proliferation of cells. 
7.3 Summary 
A layer of TNTs on Ti substrates enhanced the proliferation and adhesion of 
osteoblast-like cells. TNTs exhibited better biocompatibility than pure Ti samples. 
Cell morphology observation indicated that the SaOS2 cells exhibited longer actin 
cytoskeletons on TNTs than those on pure Ti. 
The biocompatibility of SrTiO3-TiO2 heterostructured nanotubes layers with 
different concentrations of Sr were investigated. SrTiO3-TiO2 heterostructured 
nanotubes layers demonstrated excellent delivery properties for Sr2+ ions. The 
biocompatibility was enhanced on the layer of L-Sr/TNTs than bare Ti samples. The 
adverse effect of high concentration of Sr was observed with H-Sr/TNTs. SaOS2 
cells expressed a preference for the layer of L-Sr/TNTs than H-Sr/TNTs. Abundant 
filopodia developed for cells to attach and spread on L-Sr/TNTs. More and longer 
filopodia was observed on the layer of TiO2 nanotubes, with a sharper edge 
compared to the flat surface of bare Ti. Extracellular connections were secreted well 
in TNTs and L-Sr/TNTs, as shown in SEM images.  
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CHAPTER EIGHT          
8 Conclusions and Future Works 
8.1 Conclusions 
The work presented in this thesis focused on the improvement of biocompatibility in 
titanium (Ti) based implant materials. Ti-SrO metal matrix composites (MMCs) were 
fabricated using the powder metallurgy and exhibited enhanced mechanical 
properties and outstanding biocompatibility compared with pure Ti. The attachment 
and proliferation of SaOS2 cells was improved by surface modification on Ti 
substrate via anodising a layer of TiO2 nanotubes. In particular, the biocompatibility 
of the TiO2 nanotubular surface layer was further enhanced after decorating with 
SrTiO3 nanoparticles. 
Ti-SrO MMCs with different additions (1, 3 and 5 wt%) of SrO particles were 
fabricated using powder metallurgical method. The influence of the SrO addition on 
the mechanical properties, surface characteristic and biocompatibility of Ti-SrO 
MMCs was investigated. With the increase in SrO addition in the Ti matrix, the 
compressive strength and microhardness of the Ti-SrO MMCs increased significantly 
and the ultimate strain decreased. The dramatic increase in compressive strength and 
microhardness was attributed to the effect of fine grain size of Ti-SrO MMCs, 
combined with the dispersion strengthening of SrO particles in Ti matrix. 
The influence of the sintering method on the microstructure and the mechanical 
properties of Ti-SrO MMCs was investigated. Ti-3SrO MMC samples sintered by 
spark plasma sintering (SPS) exhibited more compact structure, higher hardness and 
elastic modulus than samples sintered using conventional vacuum furnace.  
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Ti-SrO MMCs exhibited excellent biocompatibility in terms of promoting 
proliferation of SaOS2 cells in cell culture. The ALP activity assessment of SaOS2 
cells for Ti-SrO MMCs demonstrated that the peak activity occurred at day 10, and 
remained unchanged from day 14 to day 28. Confocal microscopy revealed healthy 
attachment and spread of SaOS2 cells on the surface of Ti-SrO MMCs. This study 
demonstrated that the 3 wt% SrO to Ti-SrO MMCs was the optimal addition based 
on the mechanical property and the biocompatibility results. 
Titania nanotubular layers with different morphologies on the Ti substrate were 
fabricated in an ethylene glycol based electrolyte. The structure of the as-anodised 
TiO2 nanotubes was amorphous, as identified by XRD analyses and this was 
confirmed with TEM observation. The structure of the TiO2 nanotubes was 
transformed to anatase, following annealing at 500°C for 3 h. After annealing at 
800°C for 3 h, the TiO2 nanotubes collapsed due to the growth of TiO2 crystals. The 
diameters of the TiO2 nanotubes displayed a linear relationship with the anodisation 
voltage, in the range of 5 V to 40 V. The practical maximum length of the TiO2 
nanotubes, anodised at 40 V, was about 21 μm in this study. Two kinds of ordered 
nanoporous top layers were fabricated by changing the anodisation parameters. The 
roughness and surface energy of the TiO2 nanotubes, without the highly ordered 
upper nanoporous layer on the top surface, were higher than those of the TiO2 
nanotubes with such a layer.  
A layer of SrTiO3-TiO2 heterostructured nanotubes was synthesised on the Ti 
substrate via the hydrothermal method. Two kinds of SrTiO3-TiO2 heterostructured 
nanotubes layers, with low and high Sr contents, were fabricated by adjusting the 
reaction time. At the initial stage of the hydrothermal process, the reaction was 
dominated by the dissolution of TiO2 nanocrystals and precipitation of SrTiO3 
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nanoparticles. Subsequently, the SrTiO3 nanoparticles were synthesised in-situ and 
deposited on TiO2 nanotubes. The concentration of Sr in the SrTiO3-TiO2 
heterostructured nanotubes exhibited a strong influence on the hydrophilic 
characteristic of the surfaces. 
A layer of SrTiO3-TiO2 heterostructured nanotubes with low Sr concentration on the 
Ti substrate exhibited better biocompatibility than bare Ti, while a layer with high Sr 
concentration was not as biocompatible as bare Ti. SaOS2 cells exhibited excellent 
attachment and proliferation on the surface of SrTiO3-TiO2 heterostructured 
nanotubes with low Sr concentration as they developed abundant filopodia and 
spread well. The sharp edge on the surface of TiO2 nanotubes played a positive role 
in enhancing the extracellular connections between SaOS2 cells and the growth of 
longer filopodia compared to bare Ti samples. 
8.2 Future Works 
A close match of elastic modulus of biomaterials and natural human bone is 
important to ensure successful surgery of implant operations, such as knees and hips 
[13]. In this study, the elastic modulus of dense cortical bone was about 17.1 GPa 
[305], and the modulus of Ti-3SrO MMC was about 129.2 GPa. The elastic modulus 
of Ti-SrO MMCs could be adjusted by fabrication of Ti-SrO scaffolds. It is 
important to develop β-phase Ti alloys reinforced with oxide particles with low 
elastic modulus and good biocompatibility for biomedical applications. 
The strengthening mechanism of Ti MMCs reinforced with oxide particles needs to 
be further clarified. Investigation on the tensile and wear properties of the Ti based 
implant materials needs to be carried out in greater detail, because these properties 
play important roles in orthopaedic and dental applications over the long term.  
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It is still not clear how Sr affects the proliferation and viability of osteoblast cells. 
Taking into consideration of mechanical and biological properties, the optimal 
concentration of the reinforcing phase of SrO in Ti based metal matrix composites 
needs to be further precisely determined. The optimal concentration of Sr loading 
into the TiO2 nanotubes also needs to be clarified. 
A layer of TiO2 nanotubes can provide enough space for the loading drugs or useful 
small molecules. Ti implants covered by a TiO2 nanotubular layer could be designed 
as transport vehicles for specific types of proteins and growth factors to 
simultaneously inhibit adverse reactions and stimulate growth of new bones in 
orthopaedic operations.  
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